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operafing  condiHons  and  variable  geometry  p<>sitions  to  achieve  minimum  sfc  and 
maximum  thrust. 

Speed  and  turbine  temperature  fuel  governors  olong  with  a compressor  Mach  Number 
k (^P/P)  surge  control  loop  In  the  fuel  control  were  evaluated.  A control  mode  that 
~^sitioned  the  geometry  to  "scheduled"  optimal  geometry  settings  was  unable  to  achieve 
steady  state  maximum  thrust  over  the  entire  flight  envelope.  However,  a control  mode 
developed  to  force  engine  parameters  to  "scheduled"  optimol  porometric  relationships 
successfully  attained  minimum  sfc  and  maximum  thrust  at  all  the  selected  test  points  in 
the  flight  envelope. 

Since  certain  parametric  relationships  are  true  for  minimum  sfc  (i.e.,  moximum  airflow 
and  minimum  temperature  for  a giv  n thrust)  and  moximum  thrust  (i.e.,  maximum  speed, 
temperature,  and  pressure  within  er  gine  limits), the  control  based  upon  porametric  re- 
lationships will  yield  maximum  thru  * and  near  minimum  sfc  for  a resunoble  range  of 
engine  variations.  Therefore,  it  is  not  necessary  to  tune  each  new  engine  for  moximum 
thrust  or  adjust  the  control  for  engine  aging.  ^ 

The  requirements  fora  backup  control  rc  meet  vorious  goals  were  investigated.  A backup 
con‘rol  mode  was  developed  and  a smooth  transition  between  the  primary  control  and 
backup  control  was  derrsonstrated  with  the  simulation. 

A component  and  control  system  test  plon  wos  formuloted  for  the  JTD  control  system. 
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1.0 


INTRODUCTION 


This  final  report  covers  the  work  performed  in  a Control  System  Definition  Study 
under  Contract  F33657-73~C“06I8,  Amendment  POOOOl.  This  control  system 
definition  study  was  performed  from  July,  1973  through  March,  1976.  Two  other 
controls  component  development  programs  were  also  performed  under  this  contract 
amendment  and  were  previously  reported.  These  two  programs  were  the  Evaluation 
y of  a Fluidic  Temperature  Sensor/Air  Ejector  Assembly,  reported  in  AFAPL 
Technical  Report  TR- 74-58,  November,  1974,  undo  Fuel  Pump  and  Metering 
Assembly  Development,  reported  in  AFAPL  Technical  Report  TR- 75-85,  July, 

1975. 

These  three  controls  developiViciii  piogiums  were  parr  of  an  overoii  plan  of  od- 
vanced  controls  development  for  the  DDA  Joint  Technology  Demonstrator  (JTD) 
program.  The  DDA  Joint  Technology  Demonstrator  program  will  provide  test 
verified  scalable  technology  for  transonic/supersonic  toctical  fighter  and  inter- 
ceptor aircraft  variable  cycle  propulsion  systems  for  IOC  in  the  I980*s. 

The  potential  benefits  of  the  variable-geometry  engine,  such  as  increased 
transient  stability  margin,  faster  thrust  response,  propulsion  system  flow  matching, 
and  in.proved  instoHed  thrust  and  fuel  consumption  performance,  are  directly 
related  to  the  ability  to  effectively  control  the  various  geometry  elements. 
Multiple  control  rrtodes  ore  required  to  achieve  optimum  engine  perforiTVince  for 
each  phase  in  a multimission  aircraft.  Effective  control  of  an  engine  with  a 
large  number  of  variable-geometry  functions  requires  an  integrated  control  system 
to  ensure  proper  scheduling  and  fctil-sofe  interlocking  features.  The  number  of 
control  parometers  to  be  sensed,  the  multiple  control  modes  to  be  established, 
the  large  number  of  control  functions  to  ho  accomplished,  and  the  requirements 
to  effectively  interface  with  the  oircroft  control  system  oil  point  to  o complex 
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engine  control  system.  For  the  variable-geometry  engine  design  to  be  cost 
effective,  practical  multiple  control  requirements  must  be  established  early  in 
the  engine  design  study  program  through  close  coordination  between  the  engine/ 
component  designer  and  control  design  engineer. 

The  objective  of  this  control  system  definition  study  v/as  to  define  a control  system 
for  the  JTD  engine  compatible  v/ith  the  environmental  and  operational  require- 
ments of  projected  applications  in  transonic/suoersonic  aircraft.  Specific 
objectives  of  this  control  system  definition  effort  were: 

0 To  identify  specific  control  functional  requirements  and 

,j-  !quu  control  problems  reloted  to  the  variable-geometry  engine 
o To  determine  the  best  control  mode  for  each  variable  which 
must  be  reguloted  on  the  engine 

o To  determine  design  definition  of  the  control  system  using 
the  maximum  degree  of  fur'ctional  integration 
o To  develop  o dynomic  digital  computer  simulation  of  the 
engine  piapulsion  system  and  control  system 
o To  cor^duct  simulation  studies  of  potential  control  systems  for 
trode-oif  evaluotions  to  identify  the  sultoblc  system 
o To  identify  high  payoff  e^vanced  technology  control  develop- 
ment pjogroms  related  to  the  TechnoLogy  Derrtonitratof  eootrol 
system 

o To  defifie  rhe  control  system  oind  test  pksn  for  the  Tecimology 
Demoftstfotor  engine  for  verifyirig  the  feosib'fily  ond  CQpobiiity 
of  controlling  advanced  vorioble-geometry  engines 

This  report  presents  o description  of  the  work  performed  during  this  study  end 
describes  the  selected  control  mode  ond  control  system  rmplementotiori  concepts. 
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SUMM.ARY 


The  fllghf  envelope,  environmenfat  requirements,  and  functional  require- 
mervts  for  o JTD  control  systcn-i  ore  established  for  a hypothetical  transonic, 
supersonic  aircraft  which  wocid  utilize  a JTD  derivative  engine  envisioned 
for  the  1980*$.  A control  system  goal  of  "optimal  “ steady  state  perforfftance 
(minimum  sfc  and  nxiximum  thrust)  with  rapid  tronsient  performance  'bver 
the  entire  flight  envelope"  is  established  as  the  foundation  for  the  control 
mode  study. 

A flexible  digital  computer  simulation  of  the  JTD  turbofan  engine  with  a 
eontfol  system  is  developed.  A computerized  upiimizarion  and  constraint 
procedure  is  oddod  to  the  simulation  to  compute  optinso I engine  operoting 
condit'ons  and  variable  geometry  positions  to  ochieve  minimum  ifc  and 
maximum  tluoit. 

Speed  ond  turbine  temperature  fuel  governors  along  with  a compressor  exii  AAoch 
Number(  AP/P)  surge  control  loop  in  the  fuel  control  ore  evaluated.  Two 
types  of  varioble  geometry  contrvsls  ore  examined  in  detoil.  The  first 
positions  the  geometry  to  "scheduled"  optirnol  geometry  settings.  In  this  n«3de, 
the  errors  in  the  geometry  control  over  the  flight  envelope  generote  stability 
problems  in  the  fuel  corttioi  and  moUe  it  difficult  fo  ochieve  steody  state 
woxirnum  thrust.  The  second  type  uses  the  geometry  to  coniro!  engine 
porometers  to  "scheduled "optimol  poronreter  relationship  to  successfully 
ottoin  minimum  sfc  and  maximum  thrust.  Several  combinotions  of  geometry 
positions  and  engine  poramefers  are  studied  to  develop  u control  mode  tlxit 
meets  the  requirements  over  the  flight  envelope  with  good  transient  response 
during  a wide  range  of  occeierations  ond  decelerations. 


The  requjremenh  for  a backup  Corjhol  meef  vorious  goals  are  JnvesMgated. 
A backup  corttrol  mode  Is  developed  ond  fhe  trorssitiorv  between  the  prlimc-ry 
corsfrol  and*  backup  confrol  h demonsfroted  with  the  simulation.^ 

A conceptual  design  of  the  cor?trol  system  is  formulated  and  compone«it 
development  work  required  to  implement  the  selected  control  mode  for  the 
JTD  i»  id&difii»'b  A component  ond  «>nt»>>j  system  test  plan  is  pres«?nt.ed 
for  the  JTD  conhoi  systerri. 
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3.0  JOINT  TECHNOLOGY  DEMONSTRATOR  (JTD)  ENGINE  DESCRIPTION 


The  JTD  being  developed  by  DDA  under  confroct  (USAF  F83657-76-C~002l  and 
Navy  N00019-76-C-094)  is  conceived  as  a furbofan  pcwerplonf  fo  demonsfrafe 
the  integration  of  advanced  component  technology  os  it  becomes  available  from 
individual  component  R&D  efforts.  The  primory  objective  of  the  technology  develop- 
ment is  to  demonstrate  the  performonce,  structural,  ond  operotirig  characteristics 
leading  to  an  engine  that  is  significantly  advanced  in  terms  of  stage  loading,  material 
application,  and  component  variability  for  transonic/supersonic  opplications . 

The  APSI  design  cost  study  cleorly  identified  significant  reductions  in  acquisition 
ond  life  cycle  costs  of  JTD  derivotive  engines  incorporating  high  performonce  variable 
flow  capacity  components  currently  in  development.  These  benefits  were  described 
in  report  AFAPL-75-90  "Turbine  Engine  Technology  Demonstrator  Component 
Development  Program  - Project  668A  - Effects  of  JTD  Advanced  Technology  on 
Life  Cycle  Costs" . 

A brief  descriptiort  of  eoch  of  the  JTD  components  technology  is  presented  in  the 
following  sections. 

Fan 

The  fan  is  a high  tip  speed,  two  stage  system  being  developed  under  APSI  controct. 

The  full  fixed  geometry  fan  performance  hos  been  demonstroted  in  a previous 
development  program.  The  present  effort  of  redesign  and  testing  has  significantly 
upgraded  performance  over  tfte  originol  design.  Inlet  distortion  testing  is  scheduled. 

Compressor 

The  compressor  hos  inlet  guide  vanes  arvd  six-stuges  of  compression  and  incorporates 
varioble  verses  in  oil  stages.  A primary  design  requirement  of  the  cottipressor  was  to 
provide  variable  flow  capacity  a>  near  constant  speed  and  pressc<re  ratio.  Two  separate 
tests  of  this  compressor  f>ave  been  conducted  and  a third  is  planned  for  late  1977 
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during  which  inlet  distortion  testing  will  be  accomplished. 

The  compressor  assembly  incorporates  advanced  titanium  moterials  and  design 
features  resulting  in  a lightweight  structure  meeting  the  design  requirements  imposed 
by  the  vorying  temperature  and  stress  conditiorss. 

Combustor 

The  combustor  developmer't  objective  was  to  design  and  demonstrate  high  performance 
over  a wide  range  of  fuel/air  ratios  necessary  for  incorporotion  in  o variable  flow 
engine.  A turn  down  ratio  over  twice  current  technology  combustors  was  required. 

Other  objectives  included  lew  pressure  drop  and  a very  low  T max/T  overoge  outlet 
profile.  The  diffuser/combustor  system  is  a triple  passage  diffusion  system  which  includes 
inner  and  outer  boundary  layer  bleed  slots  to  produce  a diffusion  system  insensitive  to 
cotipicssor  discharge  profile  variation.  The  high-temperoturo  combustor  liner  utilizes 
VI  cCp.ViLIfiaiiun  uf  convection  and  film  cooling.  This  design  provides  the  copobility 
to  operate  at  extremely  high  temperotures  with  minimum  cooling  airflow,  thus  permitting 
a larger  percentage  of  total  airflow  to  be  used  to  toilor  the  temperoture  pattern,  A 
staged  fuel  concept  allows  efficient  operation  over  on  expanded  turndown  rotio  ronge . 

Rig  testing  of  the  combustor  hos  resulted  in  the  demorutrotion  of  these  design  objec- 
tives . 

H.P.  Turbine 

The  high-pressure  turbine  is  o high  work,  variable  flow  copoeity  moximum  temperature 
siisgle  stage  assembly.  The  turbine  no24ie  is  desigi^d  to  be  mechonicolly  vorioble 
to  accept  o wide  ronge  of  flows  from  the  compressor  ond  operate  at  moMimum  tempero- 
tures.  Rig  and  cascade  testing  hos  been  performed  which  demonstroted  near  goal 
performance.  Testirig  in  the  gos  generotor  hos  furtfier  demoruiroted  tfre  ability  of  tlie 
mechanicoiiy  variable  votses  to  be  moved  satisfactorily  while  operotitsg  ot  high 
temperoture.  Predicted  performance  wos  olio  demoruiroted . 
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L.P.  Turbine 

The  low-fsressure  furbine  is  an  air-cooled,  variable  flow  copacify,  single-sfage 
assembly.  A unique  design  feature  is  the  integrotion  of  the  vane  cooling  and  the 
variable  fli>v  capacity  achieved  aerodynomically  by  use  of  a jet  flap  vane. 
Modulated  compressor  discharge  air  is  routed  through  the  vane  for  cooling  and  dis- 
charged from  the  jet  flap  slot  approximately  at  right  ongle  to  the  gas  stream  flow. 
The  amount  of  cooling  air  flowing  into  the  gas  stream  varies  the  effective  flow 
areo  (capacity)  of  the  turbine.  Rig  testing  of  this  component  has  demonstrated 
performance  levels  near  the  original  design  objectives  in  both  efficiencies  and  flow 
variation. 

Exhaust  Nozzles 

T!tc  primcry  ond  socondury  oAiiuuii  nuzzles  for  the  j'TD  have  been  designed.  The 
designs  provide  for  both  nozzle  areas  to  be  varied  on  the  test  stand  over  the  full 
range  for  demonstration  of  the  total  potentiol  of  oil  the  variable  components.  Addi- 
tional testing  of  the  JTD  will  thus  demonstrate  the  full  potential  of  the  odvonced 
variable  flow  components. 

Figure  3-1  shows  the  externol  view  of  the  JfD  engine  with  these  variable  component 
features. 
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Exfemal 


4.0  CONTROL  SYSTEM  REQUIREMENTS 


This  control  system  definition  study  addresses  the  control  of  the  JTD  engine  as 
described  in  Section  3.0.  It  further  considev;  the  operational  and  environmental 
requirements  for  a projected  tronsonic/superionic  application  of  a JTD  derivative 
engine  in  which  an  augmentor  ond  possibly  o variable  geometry  fan  would  be 
added.  The  potential  aircraft  applications  considered  include  missions  of: 
o Interdiction 

0 Combat  air  patrol 

o Low  altitude  intercept 

0 Deck  launch  intercept 

o Subsonic  surfoce  surveillonce 

A composite  flight  envelope  to  Include  the  mission  capabilities  was  formulated  us 

a basis  for  establishing  the  control  system  requirements.  This  control  system  design 
flight  envelope  is  shown  in  Figure  4-1. 

The  control  system  environmental  requirements  were  estoblished  from  considerations 
of  a typical  transonic/supersonic  mission  profile  os  shown  in  Figure  4-2. 

The  increased  number  of  varloble  geometry  components  points  toward  an  odvonced 
control  system  which  must  be  copable  of  hondlirsg  multiple  inputs  and  outputs, 
multiple  control  mod<^,  and  effective  interfacing  with  other  systems.  Theaddition.il 
complexity  of  the  engine,  the  increased  functions  of  the  control  systems,  and  low 
cost  goals  present  new  challersges,  unique  problems,  and  expanded  requirements 
for  the  control  system. 

The  definition  of  the  JTO  control  system  must  address  the  requirements  of  the 
octuotion  systems,  the  requirement  for  total  system  integration,  the  hostile  en- 
vironment, and  the  reiiobility,  maintainability,  and  cost  of  the  system.  These 
factors  ore  discussed  in  some  detail  to  indicote  the  problems  they  present  in  de- 
fining the  control  system. 
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Mach  Number 

Figure  4-1  Trunsonic/Supersonic  FligW  Envelope 
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Figure  4-2  Typical  Trunionic/Superioftic  Miuion 
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Unique  Functionol  Requiremenh 

The  system  must  control  five  variable  geometry  components  (six  independent 
control  functions)  in  addition  to  the  gas  generator  fuel  flow.  Although  the  overall 
functional  requirements  are  similar  to  other  oirrr,->f»  engines,  the  actuation  syrtems 
for  the  voriabie  geometry  rotating  components  present  new  clKilIcnges.  The 
variobic  geometry  compo-'cnts  that  provide  the  most  unique  control  system  problems 
are  the  compressor  (having  two  variable  functions),  the  HP  turbine,  ond  the  LP 
tu.bine.  These  requirements  include  the  wide  range  of  geometry  movement,  the 
increased  component  performance  sensitivity  to  geometry  movement,  the  higher 
force  levels  needed  to  control  the  component,  and  the  I'ostile  temperature  en- 
vironment where  the  actuators  are  located. 


TU..^  UO 


Compressor 


one  stage  of 


voriobic  ixlet  guide  VuneS  und  i)A  siugtr  ut 


vorioble  stotor  vanes  to  be  controlled.  The  bcsic  purpose  of  the  compressor 
piometry  is  provide  optimum  engine  performon'e  aru’  surge  free  operation  over 
the  complete  i light  envelope*  The  proserst  tompre^or  design  indicates  thot  two 
independent  control  functions  ate  necessory  to  the  cemp/essor.  The  vanes 

are  scheduled  to  vory  os  a function  ol  corrected  high-pressure  rotor  speed  to  provide 
maximum  efficiency  and  surge  margin.  |n  addition,  thes*^  schedules  ore  shifted  ond 
oltered  to  provide  variable  compressor  flow  capacity  at  a speed,  os  illustrated  by 
the  open,  nominal,  ond  closed  vone  seh»d**les  shown  on  Figure  4-3. 


*he  design  of  on  aciuotiu«i  system  to  provide  the  two  independent  compressor  functions 
is  o unique  problem.  |t  is  .niprocticol  and  undesirable  to  vary  each  stage  independently 
with  individuol  octuators.  The  proetieol  opproach  is  to  provide  two  actuators,  one 
for  eoeh  of  the  two  independent  functions,  this  opproach  requires  o meehoniiotioo 
concept  that  utilises  o unique  eombinatiois  of  linkages  arsd  corns. 
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4.18  percent  flow  change  per  angulor  degree  movement.  This  sensitivity  indicates 
the  need  to  select  a control  ntode  that  closes  the  loop  on  on  engine  poromcter 
rather  than  actuator  position  only.  A highly  precise  actuation  system  with  a minimum 
artount  of  hysteresis  or  backlash  is  required  to  maintain  accurate  position  control. 
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Figure  4-4  HP  Turbine  Flow  Capacity 
Low-Pressure  Turbine 

The  LP  turbirse  is  on  air-cooled  voriable  fbw  eopocity  single-stage  turbine.  The 
LP  turbine  uerodytsgmically  vories  the  lufbirse  oreo  with  o jet  flap  design.  This  is 
accomplished  by  controlling  the  amount  of  oir  forced  into  the  jet  flop  stator  vones 
which  eMhousts  perpendicubrty  into  the  gas  streom,  thus  oefodynai^colly  varying 
the  flow  area.  Because  of  this  unique  turbine  design,  th«  ctir  being  supplied  to 
the  turbine  not  only  varies  the  area  but  olso  serves  os  the  cooling  fbw  required  by 
the  turbine.  Consequeistty,  the  conitol  Niode  selected  for  the  IP  turbine  must 
provide  two  functions  (I)  vartobleorea  contml  oitd  (2)  odequate  cooling  througf^jut 
the  entire  flight  envelope. 


Vane  open 
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Inferfoce  Comidcrafions 


Although  it  is  not  intended  to  defrtonst<*ate  octuol  integration  of  oircrafl  inlet  and 
flight  control  functions  into  the  engine  a>ntrol  during  the  JTD  program,  the  inter- 
faces between  aircraft  engine  control,  and  diagnostic  equipment  must  be  considered 
during  the  control  system  conceptual  design.  The  system  must  accommodote  the 
following  interfaces: 

0 Aircraft  Inlet  Gtntrol  - provide  proper  airflow  mair.hing  copabili.y 
between  the  inlet  and  er^gine  to  avoid  high  levels  of  turbulence 
and  distortion  due  to  ougmentor  light-offs  or  blow-outs,  inlet 
unstart,  buzz,  or  supercritical  operation  and  reduce  sp:l'age  drag  , 

0 Aircroft  Flight  Control  - provide  proper  thrust  monagemwst  to 
accommodate  automotic  controls  including  attitude  and  altitude 
hold.,  engine  trim,  ar\d  autopilot  iondings. 

0 Engine  Condition  Mont  tori  rsg/Diognostics  ~ provide  for  continuous 
monitoring  of  engine  and  control  component  performance  to  detect 
malfunctions  or  degradation  in  performance. 

® <^*^crqft  Cockpit  Disploys  ~ provide  the  pilot  with  informotion  of 
the  control  systern  in  oddition  to  the  required  oirctoft/engine 
initrumontation,  digital  contioller  failure  level  indicator,  and 
engine  condition  monitoring  fUigv» 

3ock-Up  Control 

In  the  event  of  Q failure  in  the  primary  controller,  it  is  deeirable  that  the  engine 
control  automatically  or  metnyally  revert  to  o secondary  or  back-up  control.  For 
economy.  It  is  desirable  to  keep  the  back-up  conhol  us  simple  os  possible.  Two 
different  eriterlo  were  considered,  the  limpleel  would  only  provide  safe  operation 
for  o fly-home  capability  with  reduced  oerfortnanceveith  emphasis  on  low  SFC 
during  cruise.  The  second  would  provide  for  90%  moKimum  thrust  copobtiity  in 
oecordonce  with  MiliHsry  Specification  M11-E-50O7D. 
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The  back-up  system  is  simplified  by  reducing  the  number  of  controlled  geometry 
variables  to  a minimum  and  fixing  the  remaining  geometry  in  a fail-safe  position. 
The  electrical/mechanical  design  of  such  geometry  would  automatically  provide 
fail-safe  operation  by  automatically  positioning  the  geometry  in  the  deslreo 
position  when  the  primary  controller  fails.  Potential  failures  other  than  tiie  primary 
controller  must  also  be  considered  in  accordance  with  the  probability  of  such  a 
fuiluie. 

The  back-up  control  mode  must  provide  for  a smooth  transfer  from  primary  to 
back-up  and  also  have  compatible  interface  features  with  the  primory  control 
components. 

Environmental  Requirements 

The  transonic/supersonic  applications  envisioned  for  the  JTD  derivative  engine 
impose  severe  and  hostile  requirements  on  the  control  system.  Specific  environ- 
mental requirements  for  control  system  design  criteria  frave  been  established  for 
the  thermal,  vibration  and  electromagnetic  compatibility  levels. 

Thermal 

A typical  mission  thermal  environment  profile  is  shown  in  Figure  4-5.  This  shows 
the  range  of  expected  thermal  environment  to  be  -65°F  to  470°F  for  control  system 
components  mounted  on  the  engine  fan  case  or  accessory  housing. 

A thermal  environment  of  470°F  air  ambient  has  a significant  impacr  on  tlie  design 
of  the  control  system  components.  The  reliability  and  maintainability  of  an 
electronics  package  are  adversely  affected  by  the  them.,  ' environment  since 
reliability  falls  as  temperature  rises.  If  fuel  is  used  as  the  only  heat  sink  source 
(2I0°F),  it  is  necessary  to  minimize  the  thermal  gradients,  which  may  preclude 
the  use  of  p!ug-in-modules  and  may  require  piping  fuel  through  the  electronics 
package. 

The  thermal  environment  for  actuator  oomponents  on  the  hot  section  of  the  engine 
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has  been  esHmated  to  be  1000°F  or  greater.  For  example,  the  HP  turbine  vane 
synchronization  ring  - actuator  components  are  situated  on  the  turbine  case  and 
surrounded  by  the  secondary  tan  stream  ougmentor  inner  duct  wall  as  shown  in 
Figure  3-1.  This  area  would  be  cooled  by  fan  bypass  airflow  to  achieve  acceptable 
thermal  levels  for  the  selected  actuators.  Similar  temperature  levels  are  assumed 
for  the  LP  turbine  jet  flap  bleed  and  exhaust  nozzle  actuator  components. 

Vibration 

The  control  components  will  be  engine  mounted  and,  therefore,  subjected  to  a 
continuous  engine  vibration.  The  vibration  environment  shown  in  Figure  4-6  is 
based  upon  extrapolated  engine  data  which  will  be  updated  as  JTD  testing 
progresses. 

Electromagnetic  Compatibility  (EMC) 

The  increased  use  of  electronics  and  electromagnetic  systems  has  resulted  in  a 
radio  frequency  polluted  environment.  The  control  system  will  be  designed  to 
meet  the  EMC  requirements  for  RF  susceptibility  specified  in  MIL-STD-461  and 
tested  to  MIL-STD-462.  Unfortunately,  meeting  these  specificotions  does  not 
always  ensure  reliable  RF  susceptibility-free  operation.  Some  airborne  systems 
in  the  real  world  experience  RF  levels  of  IOOV/M  or  greater.  Aboard  military 
ships,  it  is  not  uncommon  for  equipment  to  be  subjected  to  RF  levels  in  excess  of 
185  V/M.  MIL-Handbook  235  will  be  used  for  a definition  of  frequencies  and 
levels  in  the  real  world.  During  the  design  of  the  control  system,  cables, 
con  "'Ctors,  shields,  filters,  ond  grounds  must  be  used  effectively  to  minimize 
the  EMC  problems. 
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Thermal  Environment  for  Contio!  Components  During  a Typical  Miss 


5.0  DIGITAL  COMPUTER  DYNAMIC  SIMULATION 


Engine  Simulation 

A highly  sophisticated  digital  computerized  dynamic  engine  and  controls  simula- 
tions and  special  procedures  were  developed  to  support  the  controls  design  and 
evaluations  required  by  this  project.  This  controls  design  and  anolysis  tool 
utilizes  many  ot  the  mathematical  modeling  and  system  simulation  skills  developed 
under  IR&D  Item  75-659,  Engine  System  Integration  (Dynamic  Modeling).  The 
simulation  provides  a general  design,  off-design,  steady  state,  and  tronsient 
engine  model  with  variable  geometry  components, 

DDA  computerized  steady-state  performance  programs  are  designed  on  the  building 
block  concept  and  consist  of  a controlling  logic  routine  which  links  a system  of 
generalized  component  subroutines  into  any  desired  type  of  engine  configuration 
defined  by  inputs  (sec  Figure  5-1),  Additionol  specialized  calculations  can  be 
easily  and  efficiently  incorporated  with  only  mirwjr  modificotion  which  ollows 
maxittvjm  flexibility  In  studying  a variety  of  cycle  orrangements.  The  system  also 
features  rapid  cycle  matching  procedures  and  direct  transfer  from  design  point  to 
off-design  calculation  modes. 

Transient  analysis  of  a system  is  rapidly  accomplished  by  additional  dynamic  routines 
being  interfaced  with  the  steody-stote  simulotion.  These  additional  routines 
perform  the  control  of  time  functions,  rotor  dynomics#  ond  heot  storage  effects 
to  produce  engine  response  time  history  characteristics.  Thus,  the  dynamic  simula- 
tion is  achieved  with  little  change  to  the  steody-stote  model  and  mokes  moxinium 
use  of  component  characteristics  prepored  for  the  steody-stote  orvalysis. 

Calculotion  procedures  love  been  developed  and  incorporated  into  the  basis 
system  for  simulating  variable  geometry  rototing  components  by  a generalized 
approach  of  loyered  characteristics  representing  a range  of  geometry  settings  or 
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Figufe  5- 1 Engine  Simylofioo  Sifucfwre 
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schedules  as  illusttuted  in  Figure  5-2.  This  layered  map  approach  is  applicable  to 
a variety  of  variable  geometry  definitions  without  program  changes.  Thus,  engine 
component  performance  is  easily  and  rapidly  modified  to  reflect  changes  in  com- 
ponent design  or  test  results.  This  approach  is  used  for  a variable  area  turbine,  a 
high  pressure  compressor  with  variable  scheduling  of  all  stators  and  a controlled 
cavity  pressure  ratio  in  an  aerodynamical  I y variable  flow  capacity,  low-pressure 
turbine  employing  compressor  bleed.  All  component  mops,  cycle  constants, 
control  schedules  and  other  necessary  model  data  are  compiled  into  the  program 

Compressors  Turbines 


Multiple-Layered  Maps  Represent  Each  Vorioble 
Geometry  Component 

Figure  5-2  Variable  Geometry  Component  Performance  Map 
with  provision  for  overriding  by  input  data. 

Figure  5-3  shows  the  gas  path  for  the  JTD  simulation  used  in  this  study  along 
with  the  corresponding  station  numbers.  These  station  numbers  are  used  os 
subscripts  on  engine  parcmetersto  denote  the  location  of  the  temperatures, 
pressures,  flows,  etc.  rluough  the  report. 
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Figure  5~3  Engine  Flow  Diagram 


Control  Sysfem  Simulation 

The  control  system  included  in  the  dynamic  computer  simulation  is  capable 
of  evaluating  various  control  modes  (laws)  for  controlling  the  engine.  The  control 
system  simulation  con  also  be  used  to  evaluate  requirements  for  sensor  response 
and  accurocy,  actuator  characteristics,  control  loop  capability,  system  stability, 
failure  modes,  and  control  loop  solution  rates.  The  control  of  the  HPC  geometry 
position  for  maximum  surge  margin  and  efficiency  is  built  into  the  open,  nominal 
and  closed  compressor  maps  used  in  the  engine  simulation.  Thus,  the  simulation 
cannot  evaluate  this  control  loop. 

The  complex  control  system  is  simulated  by  subsystems  (computer  subroutines). 

As  sfwwn  in  Figure  5-4,  each  of  the  control  loops  is  a separate  subsystem.  In 
addition,  each  control  loop  is  broken  down  into  two  subelements; 
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0 Control  low  - the  calculations  done  inside  the  controller 
to  determine  the  requested  output  value. 

0 Actuator  hardware  - the  calculations  done  to  determine  the 
component  position  based  upon  the  dynamic  characteristics  of 
the  actuator. 

Enqinc  Inpylt 


Figure  5-4  JTD  Control  Simulotion  Structure 


This  approach  allows  the  flexibility  to  Intorchonge  the  control  modes  with 
minimum  computer  programming  changes.  Also,  os  test  data  becomes  available, 
the  dynamic  clwracteristics  of  the  hardwore  components  (pump/metering,  and 
actuation  systems)  can  be  simuloted  in  more  detail  without  any  nfrajor  programming 
clwnges.  In  addition,  ooch  control  loop  subsystem  or  subelement  con  be  isolated 
and  checked  out  by  an  inp*jt/output  analysis.  This  is  onologous  to  testing  a 
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hardwore  component  to  a written  specification  on  a test  bench.  The  control 
logic  or  control  lows  are  tailored  to  the  control  modes.  The  sensor  and  actuator 
models  are  discussed  next. 

Moth  Models 

The  modeling  of  the  sensors  and  actuators  is  important  to  the  control  design  since 
they  represent  the  greatest  share  of  dynamics  in  the  control  system. 

The  math  model  for  the  sensors,  actuators,  ond  fuel  metering  system  used  in  the 
JTD  simulation  are  typical  of  the  hardware  expected  In  the  final  JTD  control. 

These  models  will  be  updated  as  additional  design  and  test  data  are  available. 
Parameters  have  been  chosen  to  represent  the  capability  of  existing  hordware  or 
hardware  under  design  if  at  all  possible. 

Sensor  Models 

For  simplicity,  all  pressure  transducers  were  simulated  os  a single  log  although 
many  transducers  actually  ore  better  charocterized  by  an  overdamped  second  order 
log.  This  simplification  is  justified  by  the  fact  that  the  lags  introduced  by  pressure 
transducers  ore  usually  not  within  the  bandwidth  of  the  </jr»rol  loop  in  question. 
Thus,  the  input-output  relationship  of  the  pressure  tronsducers  is  given  by 


Sensed  Pressure  = 


Actuol  Pressure 


) + .02S 

The  lags  introouced  by  speed  sensors  ore  even  more  negligible  than  pressure  trons- 
ducors  so  that  a simple  first  order  log  is  odequote.  Thus,  the  speed  sensor  is 
represented  by 

Sensed  Speed  - Actuol  S u‘d 

I + .U IS 

for  both  spool  speeds.  For  ony  occuracy  analysis,  the  octuol  meclKtnizotion 
scheme  must  be  considered  along  with  the  expected  '^quantization  noise"  generated 
with  Q digital  signal. 


5-6 


The  temperature  sensors  ere  also  represented  by  a first  order  lag  which  is  adequate 
for  the  type  of  sensors  (thermocouples)  projected  for  the  JTD.  However,  the  time 
constant  of  the  thermocouple  is  usually  a function  of  the  airflow  in  the  gas  path 
being  measured.  The  input-output  relationship  used  for  the  temperature  sensors 
is 

Sensed  Temperature  = ^ r Actual  Temperature 

' Temp  ^ 
t ^ 

^Temp  ~ ^sensor  v (^standard'^  ^actual) 

^sensor  ~ sensor  time  constant  at  an  oirflow  of  Wstandard 
^ actual  - actual  airflow 

An  important  factor  in  porameter  sensing  impractical  to  simulate  is  the  errors  created 
by  pressure  and  temperature  "distribution"  and  the  sensor  location.  Engineering 
judgment  must  be  exercised  in  this  area  when  ossessing  the  "error"  contribution 
of  the  sensors. 

Actuator  Models 

Although  several  different  actuators  and  linkages  ore  projected  to  drive  the 
various  component  geometries,  the  math  models  of  oil  the  actuators  are  similar 
when  the  models  ore  reduced  to  the  level  practical  for  the  JTD  simulation.  A 
typical  actuator  (possibly  a torque  motor  and  servo  volve  controlling  o hydraulic 
cylinder  actuator  which  drives  a mechanical  linkage  and  load)  is  stvown  in 
Figure  5-5.  Generally,  the  gains  in  the  servo  volve  are  high  enough  that  the 
servo  valve  dynornics  can  be  neglected.  IHowever,  the  flow  rate  limits  cainot  be 
ignored.  For  control  studies,  the  compressibility  of  the  fluid  (fuel)  can  be  ignored 
so  thor  the  actuator  dynamics  (except  the  free  integrator)  can  be  neglected.  This 
simplificafion  results  in  the  general  actuator  model  used  in  the  JTD  simulation 
shovrn  in  Figure  3-6*  A rate  command  from  the  control  is  multiplied  by  a gain 
to  produce  o rote  motion  of  theuctuotor.  This  rate  is  limited  in  the  actuator  arrd 
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Figure  5-6  Simplified  Actuator  Model  Used  in  Simulation 


infcgrattti  fo  produce  fhe  acfuator  position.  The  actuator  position  also  experiences 
Kystcrcsit*  Ond  position  limiting. 

Fuel  PufT^and  Metering  Systerns 

Several  pump  and  metering  systems  were  considered  including  the  APSI  "vapor  core" 
pump  and  the  TF4l  pump  with  both  torquemotor  and  stepper  motor  driven  metering 
systems.  There  is  sutFicient  experimental  data  on  the  TF41  pumo  ana  metering 
system  to  justify  a simple  model  thot  consists  of  two  first  order  logs  and  a fuel  flow 
limit  as  sliown  in  Figure  5~7. 

Since  there  is  not  enough  "measured " do ta  available  on  the  APSI  vapor  core  pump 
to  mathematically  evaluate  the  pump  and  metering  system  from  a detoiled  moth 
model,  experimental  data  from  previous  testing  on  similar  vapor  core  pumps  was 
used  to  model  the  vapor  core  pump  ond  metering  system.  The  data  shows  thot  the 
pump  dynamics  can  represented  by  two  or  three  first  order  logs.  However, 
only  one  lag  need  be  considered  since  tfre  other  two  have  no  effect  below  5 
onJ  the  engine  resf»nse  is  basically  between  I ond  2 Hz  und  no  control  loops  are 
expected  fo  have  o response  in  excess  of  5 Hz.  The  dornirsote  time  constont  con 
vary  from  0.0  I to  0.2o  as  a rursetion  of  supply  pressure,  delivery  pressure,  ond 
flow  fute.  A typical  value  of  0.05  wos  used  during  rrwst  of  the  study  olthough 
compuriions  wer,*  made  at  otfter  values.  The  pump  time  constont  was  held  constant 
for  any  given  transient  response  since  u wofhematicti!  relationship  between  the 
time  constant  orrd  the  related  pressures  and  flow  was  rsot  ovuiloblc.  Both  torque* 
motor  ond  stepper  motor  driven  wetefing  systems  v.efe  irsvesfigoted.  Jrs  each  ease, 
sufticieot  feedback  gain  cur»  he  provided  to  approximate  the  metering  system  with 
a single  tug  with  a lime  constant  between  .005  arsd  .025  seconds-  Tftus,  the 
model  given  earlier  for  the  TNI  putnp  und  metering  system  is  a good  apf»raxiwotion 
tor  the  vapor  core  pump  ond  fuel  metering  system  although  the  vapor  eo-e  pump 
may  Itive  a more  variable  time  constant. 

• A method  of  fedocing  the  degrading  effects  of  oetuotof  nonlineorities  is  presented 
later. 
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Actuator  Non-Linearities 


The  actuators  and  their  respective  loads  (geometry  position  and  fuel  metering) 
display  several  undesirable  characteristics  other  than  the  limiting  included  in  the 
models  presented  above.  These  non  linearities  include  hysteresis,  deadband,  and 
backlosh  which  degrade  the  accuracy  of  a control  loop  and  can  create  instabilities. 
However,  the  effect  of  these  nonlir.earities  can  be  minimized  by  the  use  of  feed- 
back as  shown  in  Figure  5-8.  In  this  case,  the  output  position  is  fed  back  to  the 
input  to  the  servo-valve  to  create  a position  loop  which  eliminates  or  reduces 
the  effective  hysteresis,  deadband,  and  backlash.  However,  the  open  loop  in- 
tegrator feature  of  the  actuator  is  lost  and  an  integrator  must  be  added  to  the 
control  which  chonges  the  control  output  from  a rate  command  to  a position 
command,  in  addition,  the  control  complexity  is  increased  by  an  additional 
transducer,  feedback  path,  and  integrator.  The  transducer  will  be  useful 
in  failure  detection.  The  quality  of  ihe  transducer  will  be  dictated  by  the  mode 
selected  and  the  degree  of  nonlinearities  that  is  tolerable  since  the  sensor  becomes 
u major  source  of  nonlinearity  with  position  feedback.  The  use  of  position  feedback 
will  be  avoided  if  possible  to  reduce  control  system  complexity  and  cost. 

Co mputerized  Optimization  and  Constraint  Procedures 

The  large  number  of  variables  involved  in  the  JTD  require  a computerized  method 
to  efficiently  and  accurately  optimize  combinations  of  geometry  settings  for  either 
maximum  thrust  or  minimum  specific  fuel  consumption.  Without  an  optimization 
computer  tool,  each  component  would  have  to  be  varied  independently  to  construct 
multi-layered  plots.  Time  consuming  multiple  computer  passes  involving  a 
significant  number  of  points  would  be  required  for  each  flight  condition.  These 
plots  become  extremely  complex  when  dealing  with  more  than  two  or  three 
variables  — with  six  control  variables  it  is  a near  impossible  task  for  hand 
optimization. 
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re  5-8  Actuator  with  position  feedback 


A system  was  developed  that  will,  wiih  a single  computer  run,  simultaneously 
optimize  each  of  the  controlled  variables  to  give  either  a maximum  installed 
thrust  or  minimum  installed  specific  fuel  consumption  within  engine  and  geometry 
limitations.  As  a byproduct  of  this  type  of  analysis,  individual  sensitivities  are 
established  for  each  variable.  Thus,  the  relative  contribution  of  each  componetu 
to  the  overall  performance  can  easily  be  determined. 

A separate  system  has  been  developed  that  will  adjust  the  variable  geometry  to 
sotisfy  an  imposed  set  of  constraints  simultaneously.  It  can  be  used  to  maintain 
several  engine  limits  simultaneously,  such  as  rotor  speeds  and  turbine  temperature. 

It  may  also  include  as  constraints  parameters  not  limited  in  a real  engine,  such  as  surge 
margins  and  bypass  ratio.  These  two  systems  added  to  the  computer  simulation  of 
the  JTD  were  developed  to  aid  performance  and  control  design  studies.  The 
application  of  these  tools  will  be  presented  in  the  contrc'  mode  section. 

Varioble  Geometry  Optimization  System 
The  optimization  system  is  designed  to  moximize  net  thrust  or  minimize  specific 
fuel  consumption  by  automatic  manipulation  of  one  or  more  variable  geometry 
components  simultaneously  in  one  pass  on  the  computer.  This  may  be  done  for  any 
flight  condition  for  either  uninstalled  or  installed  engine  performance.  All 
defined  engine  limiters  can  be  maintained  for  engine  matching,  and  maximum 
and  minimum  setting  limitations  can  be  imposed  on  each  variable  geometry  component. 

The  mettrad  used  involves  the  search  for  zero  slope  on  a generated  curve  of  net 
thrust  or  specific  fuel  consumption  versus  each  variable  geometry  component 
position.  The  iteration  procedure  varies  all  the  geometry  settings  individually 
on  each  pass  to  generate  the  curves,  then  produces  new  settings  for  the  components 
simuitanoously  for  the  next  iterative  pass  based  on  zero  slope  estimates  derived 
from  those  curves.  The  iteration  process  is  satisfied  when  each  variable  geometry 
component  sotting  moots  any  one  of  three  criteria:  (I)  its  slope  versus  or  sfc 
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Is  within  a tolerance  of  zero;  (2)  it  has  reached  its  maximum  or  minimum  limited 
setting;  (3)  its  variation  plus  and  minus  did  not  significantly  affect  the  parameter 
being  optimized,  Fn  or  sfc. 

Variable  Geometry  Constraint  System 

This  system  forces  selected  geometry  variables  to  positions  which  satisfy  an 
equal  number  of  compatible  constraints.  The  system  generates  a set  of  simultaneous 
linear  differential  equations  to  relate  the  selected  variables  with  their  effect  on 
matching  the  selected  constraints.  Through  an  iterative  process,  these  equations 
reposition  the  geometry  settings  to  satisfy  these  constraints  similar  to  the  iteration 
method  used  for  optimization. 

The  constraints  available  are: 

o H.  P.  turbine  inlet  temperature 
0 Engine  net  thrust 

o Fan  surge  margin 

o H.P.  compressor  surge  margin 

o H.P.  rotor  speed  (rpm) 

o L.P.  rotor  speed  (rpm) 

o Percent  corrected  H.P.  compressor  speed  (map  value) 
o Primary  nozzle  oreo 

o Bypass  nozzle  area 

o H.P.  turbine  flow  capacity  (%  of  design  setting) 
o L.P.  turbine  covity  pressure  rotio 
o H.P.  compressor  voriablo  geometry  schedule 

o L.P.  turbine  jet  flap  flow  (%  of  HPC  inlet  fbw) 
o Percent  corrected  fan  speed  (mop  value) 

o Bypass  ratio 
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0 L.P.  turbine  Inlet  Vemperature  (®R) 

0 Engine  inlet  airflow  (ib/sec) 

0 Engine  inlet  corrected  airflow  (Ib/sec) 

0 Compressor  discharge  pressure  (PSIA) 
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6.0  CONTROL  MODE  STUDY 

The  foundafion  of  the  control  mode  study  i<  the  definition  of  the  control  goal  or 
control  mode  design  criteria.  With  the  gro::t  voriability  of  the  JTD,  tf-e  cb'lifv 
to  CQtimize  the  engine  operation  to  some  criteria  is  obvious.  The  cbiliry  to 
provide  optimal  transient  r«*sponsn  in  the  true  sense  of  "cptimai  control  "or 
"modern  control  theory"  svos  beyond  the  scope  of  th^s  project.  A "pseudo" 
optinnal  transient  copobility  based  uoon  maximum  rotor  sneeds  over  a lorg  ■'  thrust 
range  was  investigated.  In  this  mode,  the  rotor  speeds  are  moximized  at  each 
thrust  level.  Thus,  the  basic  lags  of  the  engine  (rotor  dynamics)  are  minimized 
and  faster  acceleration  of  the  engine  are  possible.  This  criteria  has  many  potentiol 
applications  such  as  o special  combot  mode,  carrier  landings, V/STOL,  etc.,  however, 
o ptimizafion  of  steady  state  perforixince  is  a more  reasonobie  criterio  since  it 
does  not  ploce  additional  high  dynomic  requirements  on  the  engine  or  control 
system.  Optimization  of  sfc  will  increose  the  cruise  range  of  on  aircraft  while 
moximijing  the  thrust  over  the  flight  envelope  increases  the  combat  effectiveness 
of  the  oircraft.  In  addition,  the  obility  to  optimize  steady  state  oerformonce  of 
the  engine  over  the  entire  flight  envelope  demonstrotes  o copability  of  variable 
geometry  engines  not  attoitsabk  with  a fi*ed  geom>^try  engine. 

The  design  goal  of  the  conttof  mode  for  the  JTD  is  to  provide  optimum  stt-iaGy 
sfote  performonce  ond  topid  tronsienf  response.  Spcgificolly,  the  objectives 
are 

o minimum  sfc  ol  all  thrust  levels 

0 maximum  thrvrs*  Over  the  flight  envelope 

O sofe  ertgine  transient  operation  (do  rsof  violate  engine  parameter 
limits) 

o rapid  »rafwient  response 
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Engine  OpMmizotion 

PetoiliKi  Uninstolled  Optimizofion 

The  firsf  jtep  o(  fhe  design  was  to  opHmize  ^he  engine  (no  control  system)  within 
the  design  constraints.  To  assure  a design  that  is  valid  over  the  flight  envelope, 
the  following  four  representative  flight  conditions  were  cfiosen 
o sec  level  static 

o Mach  1.2  at  500'  (maximum  CDP  pressure) 
o Mach  .75  at  36089‘(low  airflow  and  low  inlet  temperature) 
o Mach  2.2  at  36089'(high  inlet  ram) 

The  optimization  of  sfc  and  maximum  thrust  for  an  uninstalled  engine  was  carried 
out  at  many  thrust  levels  for  these  four  flight  conditions  with  the  computerized 
programs  presented  in  the  previous  section.  The  results  are  not  completely  as 
one  might  expect  since  the  JTD  is  a combination  of  development  components  to 
demonstrate  component  technology  rather  than  a matched  engine.  For  a matched 
engine,  minimum  sfc  generally  requires  maximum  oirflow,  moximum  bypass  ratio,  ond 
minimum  temperature  until  engine  limits  are  reached  at  which  time  the  temperature 
is  increased  to  achieve  maximum  thrust.  Thus,  the  fan  speed  should  be  brought 
up  as  fast  as  possible  for  moximum  airflow  and  the  bypass  ratio  maximized  by 
minimizing  the  core  flow  through  lov/ering  the  core  spool  speed  and  keeping 
the  turbine  and  compressors  closed.  However,  for  minimum  sfc  with  the  JTD, 
the  HPC  remains  open  ond  the  HPT  remoir*  dosed  ot  the  lower  ond  rnid-thrust 
region  until  an  engine  Umiter  is  reached  (speed  or  pressure).  In  the  mid“thrust 
range,  both  nozzles  remoin  open.  The  sfc  is  not  offoctod  grootly  by  the  LPT 
geometry.  However,  in  the  high  thrust  range  ond  for  moxiiiium  thrusf,  all  the 
geometry  moves  to  allow  the  engine  to  attain  more  than  one  limiting  state.  The 
final  engine  limiter  ottained  is  usually  temperature.  Specific  data  from  the 
optimization  is  presented  in  the  mode  development  as  it  is  used  to  develop  the 
various  nodes  investigated. 
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Comparison  of  Uninstalled  vs.  Installed  Optimization 


The  opfimization  for  the  control  design  was  computed  with  an  uninstalled  engine 
configuration  since  it  represents  the  test  stand  configuration  which  is  the  initial 
application  of  the  control . To  keep  the  study  as  general  as  possible,  the  mode 
design  is  based  upon  an  uninstalled  engine. 

However,  the  final  mode  should  be  able  to  fly  throughout  the  flight  envelope 
which  requires  the  consideration  of  the  installation  effects.  The  optimization 
procedure  was  repeated  for  three  corrected  thrust  levels  and  a large  range  of 
corrected  inlet  conditions  for  both  installed  and  uninstalled  conditions.  Although 
no  significant  differences  effecting  the  control  mode  were  seen  in  this  investigation, 
a more  detailed  study  with  an  actual  aircraft  and  inlet  is  expected  to  impose  addi- 
tional control  requirements  (i.e.  inlet  flew  matching  and  augmentation) . 

Uninstalled  performance  was  computed  for  the  JTD  engine  using  MIL-E-5008B 
inlet  recovery,  unity  for  nozzle  throat  flew  coefficients  and  0,985  for  the  nozzle 
gross  thrust  coefficients.  Ranges  of  ram  pressure  rotio  and  engine  inlet  temperatures 
were  investigated  over  a range  of  power  levels.  Ram  pressure  ratios  from  1 .0  to  8.0 
and  inlet  theta  values  from  0.8  to  1.5  were  studied  at  power  levels  of  3000,  6000 
and  9000  pounds  thrust  (Fr^ 8 l)  as  well  as  maximum  non-ougmented  and  maximum 
augmented  thrust  levels.  The  three  lower  thrust  levels  were  optimized  for  minimum 
specific  fuel  consumption  and  the  two  higher  thrust  levels  were  optimized  for  maxi- 
mum thrust  by  coordinating  the  geometry  positions  of  the  high  pressure  compressor, 
high  pressure  turbine,  low  pressuro  turbine  and  both  exhaust  nozzles  within  their 
physical  capabilities. 

Installed  performance  was  computed  for  the  some  ''am  pressure  ratio,  engine  inlet 
theta  and  power  level  ranges  as  for  the  uninstalled  data  to  determine  the  degree 
of  effect  on  control  mode  and  scheduling  requirements.  A simu lotion  of  o 
fixed-schedule  variable  inlet  was  used  for  inlet  recovery  and  inlet  drag  charocter- 
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istics  with  the  capture  area  sized  by  the  guidelines  developed  for  the  APSI  cycle 
sTudies.  Flight  nozzle  characteristics  were  used  for  gross  thrust  and  flow  co- 
efficient characteristics.  No  aircraft  bleeds  or  power  extractions  were  considered, 
but  this  consideration  should  have  little  impact  on  the  results. 

7he  results  of  the  uninstalled  and  installed  performance  data  were  generalized 
with  check  runs  made  to  assure  that  smoothing  and  generalizing  of  schedules 
maintained  performance  within  one  and  one-half  percent  of  optimum.  The 
following  table  wmpares  the  resulting  generalized  scheduling  trends. 

Table  6-1 


JTD  Optimized  Non-Dimensional  Data  Comparison 


Operation 

Geometry 

Uninstalled 
High  Flow  Rate 

Installed 
High  Flow  Rate 

3000'^'  Fp/  S 1 

HPC 

120  (Open) 

120  (Open) 

Opt  SFC 

HPT 

Closed 

Closed 

LPT 

Min  Jet  Flap  Flow 

Min  Jet  Flap  Flow 

A8 

Avg  244  in. 2 

Avg  280  in. 2 

A18 

High  RPR  - 150  in. 2 
Low  RPR  - 290  in. 2 

High  RPR  - 280  in. 2 
Low  RPR  - 314  in.  2 

6000^  Fn/  ® 1 

HPC 

115 

116 

Opt  SFC 

HPT 

Closed 

Closed 

LPT 

Min  Jet  Flap  Flow 

Min  Jet  Flap  Flow 

A8 

Avg  272  in. 2 

Avg  295  in.? 

A18 

High  RPR  - 120  in. 2 
Low  RPR  - 309  in. 2 

High  RPR  - 220  in.? 
Low  RPR  - 310  in. 2 

9000^  Fn/  S 1 

HPC 

112 

115 

Opt  SFC 

HPT 

Closed 

Closed 

LPT 

Min  Jet  Fla|i  Flow 

Min  Jet  Flap  Flow 

A8 

Avg  290  in. 2 

Avg  300  in. 2 

A18 

High  RPR  - 120  in. 2 
Low  RPR  - 286  in. 2 

High  RPR  - 150  in.? 
Low  RPR  - 290  in. 2 
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Table  6-1  (continued) 


Operation 

Geometry 

Uninstalled 
High  Flow  Rate 

Installed 
High  Flow  Rare 

Mox  Dry 

HPC 

Open 

Open 

HPT 

Schedule  vs  1 

Same  Schedule  vs 

LPT 

Min  Jet  Flop  Flow 

Min  Jet  Flap  F'o 

A8 

Schedule  vs  1 

Same  Schedule  vs 

A18 

Schedule  vs  1 

Diff  Schedule  vs 

Sensiti vity  Study 

In  most  of  the  control  modes  studied,  the  sensitivity  or  gain  of  the  eng'ne  is  on 
important  |oort  of  the  loop  design.  To  moke  a "tight"  control  loop,  It  is  desirable 
to  moke  the  loop  gain  os  high  as  possible.  Thus,  it  is  desirable  that  the  sensi'ivity 
be  as  large  as  possible.  It  is  also  desirable  thot  the  sensitivity  be  a constant  over 
the  entire  flight  envelope  to  minimize  the  n'^nlineorities  and  provide  constant  re- 
sponse at  all  conditions.  A list  of  potential  engine  parameters  to  be  used  in  the 
various  control  modes  was  developed  from  o survey  of  existing  engine  controls. 

This  list  Is  given  In  Table  6-2.  A sensitivity  study  was  made  at  several  flight  con- 
ditions by  varying  the  geometry  one  ot  o time  about  the  optimum  position  and 
observing  the  engine  parometer  changes  with  the  steady  state  engine  simulation. 

Both  corrected  and  uncorrected  engine  parameters  from  Toble  6-2  were  studied. 
Typical  sensitivity  'olues  ore  given  in  Toble  6-3. 

For  most  geometry  variables,  a few  engine  parameters  displayed  u much  higher 
sensitivity  volue  tfron  the  remaining  engine  parameters.  For  example,  the  important 
sensitivity  dato  for  the  primory  exit  nozzle  is  given  in  Table  6-4  for  a large  number 
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Table  6-2 

Vorioble  Geomefry  Pofenfial  Control  Modes 


( .-tutc"  contro I 

fan  inlet  temperature 
Fan  inlet  pressure 
Fon  inlet  Mach  number 

riHC  iniet  pressure 

HPT  stator  con trol 

HPT  inlet  temperature 

HPT  inlet  pressure 

HPT  outlet  pressure 

HPC  speed 

HPC  pressure  ratio 

HPC  outlet  temperature 

HPC  outlet  pressure 

Turbine  blude  tip  temperature 

Primory  exit  nozzle 

Ambient  temporaturc 
LPT  outlet  pressure 
LPT  pressure  ratio 
Power  lever  position 
Fan  speed 
Pan  pressure  ratio 
Faf\  inlet  temperature 
Fan  exit  pressure 

Secondary  exit _no2zle 

Power  lever  position 
Primary  nozzle  oreo 
Duct  flow 
Inlet  flow 
fon  pressure  ratio 
Fon  speed 


HPC  stator  control 

HPC  inlet  temperature 
HPC  inlet  pressure 
HPC  inlet  Mach  number 
HPC  outlet  pressure 
HPC  outlet  Mach  number 
HPC  speed 

LPT  jet  flop  control 

LPT  cooling 

LPT  inlet  temperature 

LPT  inlet  pressure 

LPT  outlet  pressure 

Fon  speed 

Fan  pressure  rotio 

Fon  inlet  temperature 

Fuel  control 

Fan  speed 
HPC  speed 

HPC  discharge  pressure 
HPT  inlet  temperoture 
HPT  inlet  pressure 
HPT  exit  temperature 
HPT  exit  pressure 
Ambient  temperature 
Ambient  pressure 
Ambient  Moch  number 
Power  lever  position 
Turbine  blade  temperoture 
Exhaust  gas  tem{:erature 
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Table  6-3 

Typical  Sensitivity  Matrix 


ALT  - 36,089  Ff.  MACH  = 2.400  PAMB  3. 203  PSIA  TAMB  -69.70  D£G.F 
NOMINAL  CONTROL  MODE  SETTINGS 

WFENGN  - 17430  Lbs/Hf  HPCSET  - 109.92  HPTSET  - 1 14.45 

AREAS  329.00  Sq.  In.  AREA18  - 536.00  Sq.  In.  LPTSET  1.048 

ENGINE  PARAMETERS  - NOMINAL  VALUES 

FNET  = 37999  Lbi.  PCOOE  = 100.00  SMHPC  ==  69.835  SMLPC  63.571 


SFC  = 1.855  Lbi/Hr/Lb 

BPR  - 1. 

836 

NHIGH 

13633  RPM 

NLOW 

CORNL  = 8604 

CORNU 

9547  RPM 

PFANIN  - 

42.34  PSIA 

TFANIN 

- 377.8  DEG  F 

WAFANI  - 

461.06  lbs/sec 

PHPCIN 

89.54  PSIA 

TMPC IN 

^ 1057.5  DfG  R 

WAHPCI  = 

162.94  lbs/sec 

PHPCO  = 

342.37  PSIA 

THPCO 

- 1619.3  DEG  R 

WAHPCO= 

163.01  lbs/sec 

PHPTIN  ■ 

321.21  PSIA 

THPTIN 

= 3655. 

2 DEG  R 

WAHPTI 

137.86  LBS''SEC 

PMTURB 

136.82  PSIA 

TMTUftB 

= 3007,6  DEG  R 

WGNOZL- 

167.  M lbs/sec 

PLPTO  • 

48.93  PSIA 

TLPTO 

= 2410.7  DEG  R 

waduct 

298.05  LBS-'SEC 

PNOZL  ■= 

48.21  PSIA 

TNOZL 

« 1951.0  DEG  R 

WGDUCT- 

312.75  LBS/SEC 

HPTSET  LPTSET  AHEA8 

AREA  18 

HPCSET 

WFENGN 

FNET 

-0.  15 

0.00 

0.26 

0.26 

0.08 

0.53 

NLOW 

-0.  19 

-0.00 

0.28 

0,06 

0.08 

0.27 

NHICH 

-0.50 

-0.06 

•0.02 

-0.00 

-0.32 

0.  16 

WAFANI 

-0.36 

-0.03 

0.32 

0.29 

0.  14 

0.36 

WAHPCI 

-0.93 

-0.  16 

0.15 

-0.00 

0.31 

0.4  j 

WAHPCO 

-0.92 

-0.  15 

0. 17 

0.00 

0.33 

0.46 

WGHPTI 

-0.92 

•0.22 

0. 15 

-0.01 

0.30 

0.46 

WGNOZL 

-0.90 

-0.  IS 

0. 15 

-0.00 

0.32 

0.4/ 

WADUCT 

-0.03 

0.02 

0.40 

0.41 

0.04 

0.31 

WGDUCT 

-0.06 

0.02 

0.40 

0.46 

0.05 

).30 

TFANIN 

0.00 

0.00 

0.00 

0.00 

0.00 

0. 

TMPC  IN 

-0.03 

0.00 

0. 10 

-0.01 

0.02 

0.1'9 

TMPCO 

-0.44 

-0.04 

0.03 

-o.o: 

-0.06 

0.  15 

THPMN 

0,27 

0.08 

•0.07 

-0.01 

-0.  18 

0.32 

TMTU88 

0.52 

0.  11 

■0.07 

-0.00 

-0.  18 

0.33 

TLPIO 

0.52 

0.07 

■0.23 

-0.01 

•0.  19 

0.33 

TNOZL 

0.^5 

0.09 

■0.23 

-0.01 

-0,24 

0.4  1 

PFANIN 

0.00 

0.00 

0.00 

0.00 

0.00 

O.OtJ 

PHPCIN 

-0.  12 

0.00 

0.35 

-0.01 

0.07 

0.  29 

PHKO 

-1.90 

-0.  18 

0.  II 

-0.01 

0.20 

0.6l 

PHPIIN 

-2.00 

-0.  10 

0.11 

•0.01 

0.  19 

0.,-.J 

PMiURg 

•0.64 

■o.» 

0. 14 

-0.00 

0.2J 

0.65 

PLPTO 

-0.61 

•0.  12 

•0.96 

-0.00 

0.21 

0,64 

PNOZL 

0.6S 

-0. 1? 

■0:99 

-0.00 

0.?; 

O.M 

COBNL 

-0,  19 

•0.00 

0.2P 

0.04 

0.00 

0.  2,' 

COttNH 

-0.50 

•0.08 

•0.02 

•0.00 

•0.32 

0.  16 

CWHPC’I 

-0.93 

■0  14 

0.  14 

-0.00 

0.31 

0.4 

CWHPCC 

-0.92 

•O.IS 

0.1/ 

0.00 

0.33 

0.4o 
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Table  6-4 

Engine  parameter  sensitivity  to  primary  exit  nozzle  changes  over  the 

flight  envelope 

Engine  Parameters 


Case 

Fan  Speed 

Fan 

Airflow 

Duct  Airflow 

HPC 

Inlet  Pressure 

LPT 

Outlet  Pressure 

1 

.28 

.32 

.46 

.38 

-.92 

. 17 

.20 

.26 

.22 

-.94 

3 

.23 

.27 

.35 

.29 

-.88 

4 

.38 

.44 

.51 

.60 

-.76 

3 

.46 

.51 

.64 

.o5 

-.77 

6 

.39 

.47 

.62 

.48 

-.83 

7 

.34 

.35 

.50 

.44 

-.98 

8 

.34 

.35 

.49 

44 

-1.00 

9 

.34 

.35 

.47 

.42 

-.97 

10 

.42 

.39 

.51 

.46 

-.95 

1 1 

.45 

.32 

.40 

.42 

-.86 

12 

.65 

.46 

.45 

.40 

-.75 

13 

1.27 

.47 

.37 

.33 

-.57 

14 

.49 

.54 

.66 

.68 

-.74 

15 

.46 

.40 

.34 

.68 

-.84 

16 

.36 

.30 

.34 

.49 

-.90 

1 7 

.29 

.26 

.35 

.45 

-.92 

18 

.23 

.23 

.30 

CO 

CM 

-.57 

.24 

. 15 

. 14 

. 18 

-.76 

20 

.2! 

.27 

.36 

.30 

-.91 

21 

.27 

.26 

.34 

.33 

-.98 

.59 

.31 

.30 

.38 

-.76 

23 

.47 

.57 

.75 

.68 

-.72 

24 

.32 

.71 

.85 

.73 

-.72 

> , 

.43 

.59 

.80 

.64 

-.79 

26 

.41 

.36 

.45 

.65 

-.90 

27 

.3/ 

.29 

.36 

.55 

-.93 

28 

.30 

.25 

.34 

.46 

-.93 

29 

. 35 

.33 

.45 

.52 

-.96 

30 

.30 

.37 

.50 

.42 

-.92 

31 

.31 

.42 

.42 

-.92 

(,  Pwcsml  Citonae  m Engine  Po.'umetr'f 

Piftetni  ^.Mon9«  in  ?»imary  Ne^^lw  Ar«xa 
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of  fhrusf  levels  and  flight  conditions.  The  pressure  at  the  LPT  output  displays 
the  greatest  sensitivity  to  changes  in  primory  nozzle  orea.  Other  engine 
parameters  (both  corrected  and  uncorrected)  showing  o promising  sensitivity  ro 
primary  rsozzle  area  changes  ore: 
o Fan  speed 

o Fcjn  airflow 

o Duct  oirfiow 

o HPC  inlet  pressure 

o LPT  outlet  pressure 

Thus#  from  a loop  gain  criteria,  these  porameters  represent  the  prii^e  condidates 
for  control  of  the  primary  exit  nozzle  oreo. 
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Fuel  Control 


The  fuel  control  con  be  divided  into  three  sections;  1)  a governor,  2)  accelera- 
tion and  deceleration  schedules,  and  3)  limiters.  Ideally,  the  governor  regulates 
the  fuel  flow  during  steady  state  and  the  acceleration  schedule,  deceleration 
schedule,  and  limiters  protect  the  engine  during  transients.  However,  at  maxi- 
mum thrust,  either  the  governor  or  the  limiters  may  be  in  control  of  fuel 
flow  in  most  fuel  controls  on  today's  engines.  Thus,  the  governor's  primary  goal 
is  to  regulate  fuel  In  o manner  that  provides  minimum  sfc  over  the  thrust  range. 

The  acceleration  and  deceleration  schedules  must  protect  the  engine  during  the 
transient  operation.  The  limiters  also  must  protect  the  engine  during  transient 
operation  and  may  be  required  to  mainrain  engine  parameters  during  steady  state 
at  or  near  maximum  thrust.  With  these  requirements  established,  the  individual 
section  will  be  discussed. 

Governor 

Since  accurate  control  of  the  engine  parameter  during  steady  state  operation  is 
required  to  maintain  minimum  sfc,  only  an  integral  plus  proportional  governor  was 
considered  to  assure  zero  steady  state  errors.  Thus,  the  governor  will  be  of  the 
form  shown  in  Figure  6-|.  The  following  parameters  were  considered  as  the  control 
engine  po:ameter  based  upon  their  criticality  in  achieving  theoptirrwi  objectives, 
o High  pressure  spool  speed  (Nh) 

o Low  p*essure  spool  speed  (Nl) 

o Turbine  inlet  temperature 

Both  corrected  and  uncorrected  parameters  were  considered. 

Turbine  inlet  temperature  has  the  greatest  appeal  for  achieving  maximum  thrust 
and  good  fuel  modulorion  over  the  thrust  range  since  it  is  the  final  limiter 
reached.  In  general,  fnany  engine  parameters  reach  near  their  maximum  volues 
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gure  6-1  Fuel  Control  Governor 


of  the  upper  thrust  range  while  the  temperature  is  reiatively  low  for  minimuffi 
sfc.  Maximum  thrust  is  achieved  by  raising  the  turoine  inlet  temperature  to  the 
moximum  allowable.  Tnus,  a temperature  governor  wiih  zero  steady  state  error 
would  theoretically  achieve  maximum  thrust  over  the  flight  envelope. 

However,  dynamic  problems,  reliability,  and  inaccuracy,  make  the  use  of  a 
temperature  governor  impractical.  Temperature  meosuring  devices  (principally 
thermocouples)  have  slow  dynamics  (high  time  constants)  which  are  difficult  fo 
compensate  because  the  time  constants  vary  greatly  with  mass  flow.  Secondly, 
the  measurement  of  TIT  at  rhe  temperature  levels  experienced  in  this  engine  are 
impossible  with  today's  sensors  except  for  special  short  life  test  equipment.  Thus, 
the  hottest  cycle  temperature  that  is  practical  to  measure  v.'ith  current  technology 
is  the  temperature  between  the  two  turbines.  Even  the  measurement  of  the  inter- 
turfaine  temperature  (T4. 1)  requires  some  development  work  and  the  sensors  that 
exist  are  unproven.  In  addition,  the  relationship  between  TIT  and  T4.1  is  a 
function  of  the  HPT  index  and  the  power  extroction  from  the  HP  rotor  system. 
Therefore,  the  value  of  T4.I  representing  maximum  thrust  is  not  a constant  even 
though  TIT  is  a constant  maximum  througttout  the  flight  envelope.  Even  if  on 
accurate  algorithm  between  TIT  and  T4.I  wos  found  ond  o satisfactory  variable 
compensation  for  the  thermocouple  was  developed,  a 14,1  governor  wos  con- 
sidered too  “high-risk"  because  of  o lock  of  experi«ice  ond  reliobility  data  in 
measuring  temperotures  in  this  range. 

Both  NL  and  NH  speed  governors  were  also  investigated.  The  primary  clifferef»ce 
between  the  tv/o  speeds  is  tfvat  the  f4L  muxlmum  is  reoched  ot  obout  BO'u 
thrust  in  some  coses  whereas  true  NH  moximum  is  geeierally  reached  ot  etaximum 
thrust.  In  some  cases  the  modulation  of  high  pressure  rotor  speed  is  very  smoll 
above  90%  thrust.  Thus,  with  o NL  governor,  the  throttle  comfrxmd  (PlA) 
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wil'.  wve  to  perturb  a second  engine  control  (variable  geometry)  which  must  drop 
NL  before  more  fuel  will  be  commanded  above  80%  tlirust.  Altfx)ugh  the  re- 
sponse of  such  a governor  will  be  good  since  the  dynamics  of  the  engine  have  been 
removed  to  some  extent,  the  accuracy  moy  be  less  because  the  errors  in  the 
geometry  loop  js  well  as  the  governor  loop  must  be  considered  in  evaluating  the 
accuracy  of  fuel  flow  vs.  throttle  position. 

Because  of  these  potential  problems  with  an  NL  governor,  an  NH  governor  was 
chosen.  The  speed  request  schedule  shown  in  Figure  6~2  is  based  upon  the 
optimization  on  sfc  and  the  requirement  to  linearize  thrust  on  PLA.  Since  the 
use  of  corrected  speed  did  not  eliminate  the  need  tor  lines  of  constant  inlet 
temperature,  uncorrected  speed  is  used  to  simplify  the^mputotions. 

Acceleration  and  Dccelerotjon  Schedules 
Acceleration  Scf^ule 

A conventional  acceleration  schedule  of  Wf/?3  was  selected  to  protect  the  engine 
during  the  transient  and  aid  surge  recovery.  An  interesting  result  of  the  optimiza- 
tion surlaced  during  the  construction  of  the  acceleration  schedule.  The  occeleration 
and  dev,ele.'ution  curves  were  estimated  from  the  operating  curve  using  conventional 
guidelines  of  15%  - 20%  displacement  between  the  required  >o  run  schedule  and 
the  acceleration  and  deceleration  schedules.  This  allows  opproximotely  a 500“ F 
increase  in  engine  temperature  in  the  case  of  on  occeleration  for  a given  engine  speed. 
The  operating  line  for  the  cold  inlet  (Much  .75  at  36089  ft.)wus  actually  higher 
than  the  operating  line  for  sea  level  static.  Thus,  it  was  difficult  to  accurately 
interpret  between  the  temperoture  linos  on  the  estimote'J  acceleration  schedule.  As  the 
accelerotion  schedule  was  adjusted  to  provide  u minimum  of  10%  surge  morgin 
urtd  0 goal  of  20%  surge  margin  over  the  flight  envelope,  the  static  sea  level 
acceleration  schedule  shifted  above  tho  cold  inlet  us  sfsown  in  Figure  6-3. 

Altfiough  the  present  accelerattors  schedule  is  adequate^  the  relative  distances 
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PLA  (dtijrees) 

Figure  6-2  Governor  Speed  Request  Schedule 


Figure  6-3  Acceleration  Schedules 


between  the  operating  lines  and  acceleration  schedules  shows  that  surge  avoid- 
ance will  be  much  more  difficult  at  a cold  inlet  than  at  static  sea  level  indicating 
that  a sacrifice  of  optimal  steady  state  perfornxince  for  more  surge  margin  may  be 
desirable  for  cold  inlet  conditions.  This  was  the  case  in  the  adjustment  of  the 
gains  for  stable,  safe  engine  transients.  Safe  operation  with  the  original 
acceleration  schedules  was  possible  with  constant  gains  at  all  the  other  flight 
conditions.  The  acceleration  schedule  isn't  exercised  in  an  accel  from  40% 
thrust  to  intermediate  power  at  static  sea  level.  However,  some  gains  had  to  be 
reduced  and  the  acceleration  schedule  adjusted  several  times  to  provide  safe 
engine  operation  at  the  cold  inlet  conditions.  This  phenomena  requires  further 
investigation  since  no  trouble  was  encountered  in  running  cold  day  conditions  at 
static  sea  level. 

A p/p  Surge  Control 

The  above  acceleration  schedule  to  avoid  transient  surge  of  the  HPC  are  based 
upon  an  apriori  knowledge  of  the  relationship  between  the  engine  operation  and 
HPC  surge.  That  is,  a given  fuel  flow  or  Wf/P3  , inlet  temperature,  and  speed 
combination  will  produce  a given  surqe  margin.  Because  of  variations  in  this 
relationship  caused  by  component  variation  between  engines  and  component 
degradation,  adequate  surge  tnargin  must  be  built  into  the  acceloratior^  schedules. 
It  is  more  desirable  to  tie  the  surge  avoidance  of  the  fuel  control  more  directly 
to  the  compressor  operation,  especially  since  the  surge  line  shift  with  HPC  index 
adds  one  more  variable  into  the  determination  of  the  acceleration  schedules. 

Two  HPC  related  parameters  wore  investigated  to  yield  a better  definition 
of  the  surge  margins  during  transient  operation.  Since  speed  is  the  transient 
independent  variable  in  the  fuel  control  during  on  occelerotion  response,  the 
remaining  parameters  required  to  specify  surge  margin  ore  HPC  pressure  ratio. 
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corrected  flow,  and  HPC  index.  Considerable  interest  has  been  shown  in  the 
use  of  aP/P,  where 

p/p  - pressure  - static  pressure 
total  pressure 

as  a measure  of  local  Mach  number  or  the  corrected  flow  (Wa) 
for  surge  control.  An  engine  parameter  and  sensor  accuracy  comparison  has  been 
made  between  AP/P  and  HPC  pressure  ratio  to  determine  which  one  imposes  the 
most  stringent  accuracy  requirements  for  estimating  surge. 

The  fingine  parameter  accuracy  comparison  was  done  bv  on  analysis  of  the 
compressor  map  shown  on  Figure  6"4.  The  AP/P  lines  that  result  at  the  com- 
pressor exit  are  superimposed  on  the  compressor  map.  The  more  stringent  accuracy 
requirements  for  either  mode  occurs  at  a relatively  Ic  w flight  Mach  number  and 
high  altitude  condition.  This  condition  results  in  low  compressor  airflow  which 
for  this  analysis  corresponds  with  o corrected  speed  of  70%.  The  results  of  the 
engine  parameter  accuracy  comparison  are  shown  in  Figure  6-5.  As  shown,  the 
A p/p  mode  is  approximately  three  times  more  accurate  than  the  compressor 
pressure  ratio  mode  for  the  some  surge  margin  accuracy.  To  maintain  +2%  surge 
margin  accuracy,  the  AP/P  perceni  of  point  accurocy  is  2.2%  and  the  pressure 
ratio  percent  of  point  accuracy  is  .8%. 

Based  upon  the  engine  parameter  accuracy  data,  a sensor  occuracy  comparison 
was  made  to  determine  how  accurate  the  sensors  have  to  be  to  achieve  the  ^2% 
surge  margin  occuracy.  The  pressure  ratio  mode  uses  compressor  inlet  (P2.|) 
disclwrge  (P3)  total  pressure  probes.  The  AP/P  mode  uses  compressor  discharge 
AP  (PfQ  - Pjj)  and  P3  totol  pressure  probei.  The  results  of  tt»e  sensor  oecurocy 
comparison  ore  sliown  in  Figure  6-6.  As  sfvown,  to  achieve  a ^2%  surge  margin 
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A PA  {2.2%  of  point  equals  2%  sunje  margin) 


. ..curacy,  the  pressure  ratio  mode  requires  much  more  occurate  sensors  than  the 
mode.  As  an  example,  to  maintain  +2%  surge  margin  accuracy,  the 
ressure  ratio  mode  requires  the  ?2>  \ ^*3  sensors  to  have  a full  scale  accuracy 

t i/o  c and  .05%  respectively,  while  the  AP/P  mode  only  requires  the  AP  ond 
sensors  to  have  a full  scale  accuracy  requirement  of  . 14%  and  . 15%,  respectively. 

conclusion  of  this  accuracy  study  was  that  the  compressor  pressure  ratio 
measurement  has  more  stringent  parameter  and  sensor  accuracy  requirements  than 
the  A P/P  measurement  for  estimating  surge. 

At  first,  it  was  thought  that  the  AP/P  reference  volue  could  be  a fixed  voiue 
during  engine  occel  .'rations.  However,  due  to  the  fact  thot  the  variable  geometry 
' mnressor  area  changes  during  engine  acceleration,  thus  shifting  the  operating 
me  ''f  !,ho  compressor,  the  AP/P  reference  value  must  also  chonge.  Further 
nvestigation  Ikis  indicated  that  varying  the  AP/P  reference  value  with  only  the 
c'-'-'oressor  index  is  not  enough  to  represent  a constont  surge  morgin.  The  aP/P 

reference  value  must  also  be  varied  with  corrected  HP  speed.  Consequently,  the 
AT  '?  reference  schedule  is  defined  by  corrected  HP  speed  ond  compressor  oreo 
us  snown  in  Figure  6"7. 

" era I different  metfxjds  of  incorporating  this  surge  margin  “meosurement  ” info 
control  algorithm  were  considered.  One  requirement  wos  thot  the  AP/P  mode 
ruust  oarnpliment  the  acceleration  schedule  so  that  the  acceleration  schedule  will 
utways  be  able  to  "bock-up"  the  A P/P  surge  control  if  required  to  protect  the 
r-nqine.  The  method  that  demonstroted  the  wtost  promise  wos  to  use  the  AP/P 
rrrf'-rence  in  the  some  monner  os  o limiter  which  will  be  discussed  next. 

Fuel  Limiters 

/ ce  the  limiters  ore  bosicoily  o tronsierit  device,  only  proportionoi  iimiring 
uied.  A limiter  only  subtrocts  fuel  from  the  governor  fuel  request  (or 
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acceleration  schedule  in  some  designs)  when  on  engine  parameter  exceeds  a 


reference  val 

lue.  The  engine  parameters  requiring  limiters  were; 

o 

A P/P 

(surge  control) 

o 

NHC2 

(corrected  NH) 

o 

NL 

o 

NIC  I 

(Corrected  NL) 

o 

T4.I 

(interturbine  temperature) 

0 

TBT 

(turbine  blade  temperature  - optical  pyrometer) 

o 

CDP 

(compressor  discharge  pressure) 

The  reference  values  tor  NHC2,  NL,  NLCI,  and  CDP  are  constants  as  shown  in 
Figure  6-8.  The  TBT  limiter  was  rvat  exercised  since  the  simulation  hos  no  met!iod 
of  determining  metol  temperatures.  Experimental  data  will  be  used  to  evoluate 
this  loop  as  date  becomes  availoble  from  early  ATEGG  ond  JTD  testing.  The 
reference  value  forAP/P  iso  function  of  NH  and  HPC  index  os  shown  in  Figure  6-/. 
The  reference  value  for  T4.I  is  a function  of  the  HPT  setting  since  T4  is  the 
temperature  (hot  actually  requires  limiting.  The  reiotionship  between  T4  and 
T4.I  \mqs  approximated  with  the  equotion  (in  degrees  F). 

T4  T4.1+  Tco„s»  - 5 (HPTind*,,  - 120) 
such  that  T4.I  is  higher  for  a lower  HPT  index  ond  same  T4  (the  variation  is  more 
thon  lOO’F  over  the  foil  range  of  the  HPT).  Compensation  for  eoch  loop  in  the  (orm 
of  goin  and  lead- lag  or  lag- lead  is  provided. 

There  ore  several  woys  to  irtcorporote  the  limiters  into  the  logic  of  the  ruel  control. 
First,  if  more  than  one  limiter  is  exceeded  ot  any  given  time,  either  the  sum  of 
the  correctbns,  the  greatest  correction,  or  some  weighted  overage  could  be  used. 
Generally,  the  most  restrictive  limiter  (greatest  correction)  yields  the  best  results 
since  the  summotion  of  the  limiters  usually  overcorrects  and  the  relative  gains  of 
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tiu'  limiting  loops  olrt'ocly  "weight"  the  importance  of  the  various  limiters  to 
sonu‘  extent.  The  greatest  problem  with  using  the  most  restrictive  limiter  is 
that  tlie  control  may  "bounce"  from  one  limiter  to  another  and  back,  especially 
at  nxjximum  thrust,  and  create  a stability  problem  in  the  fuel  control.  This 
will  be  discussed  later. 

The  second  decision  in  the  limiter  logic  that  must  be  made  is  if  the  limiter 

correction  is  to  be  made  to  the  governor  fuel  request  or  after  the  logic  selection 

between  the  governor  and  the  acceleration  schedule.  Although  the  acceleration  schedule  is 

a type  of  limiter  to  avoid  surge,  it  is  not  expected  to  protect  the  engine  from 

overtemperature  or  overspeed  conditions.  Both  methods  were  applied  in  this 

study  with  little  appreciable  difference  noted. 

Geometry  Controls 

The  primary  objective  of  the  geometry  controls  is  to  operate  the  engine  with 
minimum  sfc  or  at  maximum  thrust  during  steady  operotion.  The  criteria  for 
steady  state  operation  does  not  put  high  dynamic  requirements  on  the  geometry 
controls.  However,  core  must  be  exercised  to  prevent  the  geometry  from  having 
an  adverse  effect  on  the  transient  response  (i.e.,  geometry  moving  in  a fashion 
to  have  an  adverse  effect  on  surge  margin).  Adequate  steady  state  surge  margin 
can  be  assured  by  constraining  surge  margin  during  the  optimization  for  minimum 
sfc. 

Two  significantly  different  classes  of  geometry  controls  were  studied.  The  first 
type  of  control  involved  the  scheduling  of  the  geometry  positions  as  a function 
of  various  engine  parameters.  The  control  is  based  upon  positioning  the  geometry 
and  is  generally  classified  os  "open  loop"  on  engine  porameters.  The  second 
t/pe  of  geometry  control  uses  the  geometry  to  position  (control)  engine  parameters 
and  the  position  of  the  geometry  is  never  defined  explicitly  in  the  control.  This 
type  of  control  is  classified  as  "closed  loop"  on  engine  parameters.  Each  type  of 
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control  will  be  discussed  in  detaii  in  the  following. 

Scheduled  Geometry  Posi tion 

The  Dusic  ussumprion  of  this  type  of  control  '.hot  the  engine  will  run  optimally 
if  the  geometry  is  positioned  to  a predetermined  optimal  setting*  Tnis  is 
certainly  true  as  long  as  the  optimized  model  is  a good  representation  of  the 
engine  for  which  the  control  is  designed.  How  well  this  assumption  holds  over 
variations  in  engines  and  throughout  the  degradation  of  the  engine  is  not  known. 

A typical  "open  loop"  geometry  control  mode  is  illustrated  in  Figure  6~9.  The 
optimal  geometry  position  is  given  as  a function  of  engine  input  parameters 
(PLA,  MN,  Tl,  Pi,  etc.)  or  engine  operating  parameters  (NH,  icjl,.  T4.1,  etc.). 
A geometry  positioning  control  loop  places  the  geometry  at  the  optimal  setting. 

If  the  optimol  position  is  a function  of  engine  operating  parameters,  a feedback 


Posit'on 


Figure  6-9  "Open  Loop"  Geometry  Control  Loop 
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loop  involving  Ht>se  parameters  also  exists.  Although  this  feedback  can  effect 
^ne  control  stability,  the  control  is  not  considered  closed  loop  on  engine 
parameters  since  it  does  not  attempt  control  of  the  engine  parameter  to  a 
reference  value. 

The  primary  task  in  the  design  of  this  class  of  geometry  controls  is  the  choice 
of  input  and  engine  parameters  to  describe  the  optimal  geometry  position.  The 
use  of  engine  parameters  is  intuitively  attractive  because  it  allows  the  geometr,. 
to  respond  to  some  changes  in  the  engine  operation.  Therefore,  the  sensitivity 
studies  are  the  logical  starting  point  for  the  choice  of  engine  parameters.  The 
design  of  the  primary  nozzle  control  will  be  discussed  in  detail  first  to  be 
followed  by  a less  detailed  discussion  of  the  other  geometry  control  modes. 

Primary  Nozzle  Control 

The  most  likely  candidates  for  use  In  the  primary  nozzle  control  from  the  sensiriv.i  - 
data  were 

0 Fan  speed 

0 Fan  airflow 

o Duct  airflow 

o HPC  inlet  pressure 

0 LPT  outlet  pressure 

The  second  criteria  used  to  make  a final  selection  of  engine  parameter(s)  for 
geometry  control  involves  "control  low"  or  functional  relarionship  between  the 
optimum  geometry  position  and  the  engine  parameter.  It  is  desirable  to  make 
this  relationship  as  simple  as  possible  over  the  entire  flight  envelope  for  a 
practical  control  system.  The  results  from  the  geometry  optimization  studies 
for  some  of  the  above  engine  porameters  corrected  to  the  inlet  are  given  in 
Figure  6"I0. 
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Correction  to  the  engine  inlet  was  required  to  yield  a set  of  curves  applicable 
to  the  entire  flight  envelope.  It  should  be  noted  that  the  end  point  of  eoch 
curve  represents  the  rtwximum  thrust  point.  Any  approximation  of  the  control 
law  should  give  special  consideration  to  this  point  to  achieve  the  full  thrust 
potential  of  the  engine. 

ran  airflow  was  rejected  as  a control  variable  since  it  remains  constant  at  the 
high  thrust  levels  as  Ag  varies  drastically.  Also,  normalization  to  the  inlet  still 
yielded  a non-unique  (two  values  of  Ag  exist  for  the  same  flow  and  inlet  con- 
ditions) set  of  control  laws.  The  duct  airflow  displayed  characteristics  similar  to 
the  fan  airflow.  The  fan  speed  is  not  practical  since  it  is  also  constant  in  the 
high  thrust  region  and  Ag  varies  drastically. 

This  leaves  only  the  HPC  inlet  and  the  LPT  outlet  pressures  as  acceptable  candi- 
dates for  controlling  the  primary  exit  nozzle.  The  LPT  outlet  pressure  corrected 
to  engine  inlet  pressure  yielded  a set  of  curves  that,  for  simplicity,  can  be 
reasonably  approximated  by  a single  curve  as  shown  in  Figure  6-11.  However, 
this  curve  has  a very  steep  slope  for  low  pressures  Oow  thrust  levels).  Therefore, 
small  errors  in  sensing  the  LPT  output  pressure  will  result  in  large  errors  in  primary 
nozzle  area.  On  the  contrary,  the  HPC  inlet  pressure  corrected  to  inlet  pressure 
(see  Figure  6-1 1)  yields  a control  curve  which  is  acceptable  at  the  low  pressure 
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(low  fhrust)  side  buf  too  steep  at  the  high  pressure  end.  In  the  intermediate 
pressure  range,  the  ideal  control  laws  for  both  corrected  pressures  can  be 
approximated  by  keeping  the  nozzle  open  to  a rrwximum  setting.  Therefore, 
a control  law  combining  both  curves  can  be  used  to  control  the  primary  nozzle 
area  as  a function  of  corrected  HPC  inlet  pressure  and  corrected  LPT  outlet 
pressure. 

This  control  mode  worked  well  transiently  with  two  noted  exceptions.  The 
single  curve  for  (A8)  vs.  (P2.1/  8 |)  is  not  accurate  for  low  thrust  at  static  sea 
level  or  maximum  thrust  for  Mach  1.2  at  500  feet.  The  effect  on  the  maximum 
thrust  was  negligible.  The  problem  at  static  sea  level  wos  solved  by  adding 
inlet  temperature  lines  as  shown  in  Figure  6. 12. 
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Figure  6~I2  Primary  Nozzle  Control  Low 
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Duct  Nozzle 


The  secondary  or  fan  nozzle  created  the  greatest  geometry  control  problem. 
The  SfYisitivity  studies  showed  that  fan  airflow  was  the  best  parameter  for  con- 
trolling the  fan  nozzle.  Fan  pressure  ratio  was  another  control  candidate. 


However,  airflow  and  a combination  of  airflow  and  pressure  ratio  produced 
unstable  control  systems.  Simple  compensation  would  not  stabilize  the  loops 
and  other  parameters  were  sought.  The  use  of  corrected  low  pressure  rotor 
speed  (Nl/  |)  was  inadequate  for  low  thrust  at  static  sea  level  and  conrrol 
of  the  duct  nozzle  on  (Nl/V«()  in  the  high  thrust  region  is  impossible  since 
the  engine  usually  reaches  nxiximum  {N|_)  or  (Nl/V^ |)  before  maximum  thrust. 


This  latter  problem  con  be  avoided  by  "scheduling"  (AI8)  on  the  turbine  inlet 
temperature  T.4  which  reaches  a maximum  only  at  maximum  thrust.  However, 
the  practical  mechanization  of  this  mode  is  to  utilize  the  interstage  turbine 
temperature  (T4.I)  which  can  be  physically  measured.  The  low  thrust  (low 
temperature)  at  static  sea  level  problem  still  exists  in  this  mode.  In  this 
condition,  the  duct  is  unchoked  which  generates  a different  AI8  denxand  than 
when  the  duct  is  choked  at  low  temperature.  This  problem  con  be  cured  by 
measuring  the  fan  pressure  ratio  and  adjusting  the  schedule  for  the  uncfwked 
condition  as  shown  in  Figure  6-13.  This  scheme  hos  worked  well  except  near  the 
transition  zone  between  choked  and  unchoked  conditions  where  a degraded  sfc 
has  been  seen  at  static  sea  level  in  the  mid-thrust  ronge  due  to  errors  in 
determining  true  choked  conditions.  This  mode  will  put  stringent  accuracy 
requirements  on  the  transducers  required  to  meosure  the  tan  pressure  ratio  if 
minimum  sfc  is  to  be  obtained. 
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GeomefryJndej< 

For  the  compressor  and  turbines,  the  relationship  between  getsmefry  position  ond 
component  performance  is  o function  of  mechanical  linkages  which  hove  not  been 
defined  yet.  Therefore,  the  term  geometry  index  is  introduced  for  o better 
understanding  of  the  effect  of  geometry  movement  on  component  performance. 

For  the  HPC  and  HPT,  the  geometry  index  is  directly  proportional  to  flow.  With 
the  HPC,  80  represents  minimum  flow,  100  represents  nominol  flow,  ond  120 
represents  maximum  flow  capacity  for  o given  speed  and  pressure  ratio.  An 
index  of  100  denotes  minimum  HPT  flow  capacity  with  123  denoting  maximum 
HPT  flow  capacity. 

The  LPT  index  is  the  pressure  ratio  between  the  pressure  in  front  of  the  vane  and 
the  stator  "jet  flap"  cavity  which  represents  the  closest  measurement  of  the  "jet 
flap"  orifice  pressure  drop.  Thus,  the  index  is  an  indirect  measure  of  the  "jet 
flop"  flow  and  the  LPT  flow  capacity.  An  index  of  0.8  denotes  moxinnum  LPT 
flow  capacity  ond  1.6  represents  minimum  flow  capocify  (flow  is  not  proportional 
for  other  indexes). 

'gli  Pressure  Compressor 

The  sensitivity  studies  showed  thot  the  HP  compressor  vorioble  geometry  was 
most  sensitive  to  the  high  pressure  spool  speed  und  compressor  airflow.  The 
compressor  variable  geometry  design  already  assumes  modulation  of  the  stotors 
with  corrected  spool  speed  to  ochieve  good  compressor  suige  morgin  utsd  com- 
pressor efficiency  over  o wide  operating  range*  Since  the  use  of  corrected  HP 
rotor  speed  simp4ifies  t.he  control  system  considerobly,  this  porunseter  was  chosen 
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Corrfctt'd  Turbint-  Tempe  rature  — 


J^igure  6-13  Ooc^  Nozile  Areo  Schedule 
Hi^gh  Pressure 

The  sensitivity  studies  showed  that  the  HP  compressor  variable  geometry  v.os 
most  sensitive  to  the  high  pressure  spool  speed  ond  compressor  otrflow.  The 
compressor  voriable  geometry  design  oireudy  ossumes  wodulotion  of  the  stators 
with  corrected  spool  speed  to  ochieve  good  compressor  surge  n^rgin  oisd  com- 
pressor eificiency  over  a wide  operoting  ronge.  Since  the  use  of  corrected  HP 
rotor  speed  simplifies  the  control  system  considerubly^  this  porometer  wos  ef«sen 
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fo  control  HP  compressor  geometry.  The  requirement  for  a uuck-up  control  in 
lieu  of  a fail-safe  position  for  the  geometry  control  tends  to  dictate  u simpler 
control  '.ystem. 

High  Pressure  Turbine 

The  HPT  generally  remains  closed  until  one  of  the  engine  limiters  (NL,  correct 
NL,  CDP,  etc.)  is  reoched.  Thus,  it  was  possible  to  make  the  KPT  index  a 
function  of  the  throttle  position.  However,  this  mode  did  not  work  transiently 
in  an  acceleration  because  the  HPT  reached  on  open  position  before  the  correct 
HPT  rotor  speed  was  attained  (NH  lags  PLA  beccuse  of  the  rotor  inertia). 
Increasing  the  flow  capocity  of  the  HPT  reduces  the  horsepower  avoituble  for 
accelerating  the  rotor.  If  the  flow  copocity  Is  increosed  too  fost  during  an 
occeleration,  the  rotor  moy  never  achieve  the  proper  spe«5d  due  to  a lack  of 
fwrsepower  ond  the  interaction  of  other  geometries.  Thus,  the  HPT  geometry 
schedule  wos  changed  to  o function  of  correct  speed  (NH/^^)  by  transforming 
PLA  to  NH/  2 through  the  fuel  control  governor  schedule. 

Low  Pressuf e Turfain e 

The  LP  turbine  Tiinimum  sfc  geometry  settings  sfsowed  very  little  voriafion 
over  the  entire  thrust  range  for  o given  flight  condition.  For  the  two  subsonic 
coses,  the  geometry  index  remoined  ut  opproxiirsotely  O.b  tor  the  erstire  thrust 
ronge.  The  geometry  index  for  supersonic  flight  slows  a small  voriution  about 
i.2  over  the  thrust  lunge  for  eoch  flight  condition  studied.  A sittsple  schedule 
on  flight  Much  numbt-r  only,  os  sftown  in  Figure  6-14  wos  investigoted.  It  is 
possible  that  o simple  on-off  control  bused  upon  Much  number  or  inlet  tern- 
peroture  muy  be  sdequote  for  steady  state  performance. 
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LPT  Geoii 
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Figure  6"U  LPT  Geometry  Modulation  for  Minimum  jfc 

Compiete  "^Open  Loop**  Geometry  Control 
The  most  successful  **open  loop**  geometry  control  from  a tronsient  viewpoint  is 
shown  in  Figure  6-I5.  This  control  wos  exercised  througlxsut  the  flight  envelope 
including  stondord,  hot^  ond  cold  conditions  with  only  one  significont  problem 
thot  essentiolly  lead  to  the  termination  of  work  on  this  control  r«x>de.  The 
problem  occurs  ot  maximum  thrust  at  oil  the  flight  conditions.  At  this  pointy 
the  engine  is  operoting  ot  several  limiting  parameters  including 
o maximum  burner  temperoture 
o maximum  bw  pressure  spool  speed  (corrected  and/or 
un  corrected 

0 maximum  high  pressure  spool  speed  (corrected  ond/or 
uncorrected) 
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o 


maximum  CDP  (low  olHtudeAigh  speed  generally) 

To  achieve  this  state,  the  geometry  fTujst  be  set  very  accurately.  Errors  in  the 
geometry  will  cause  these  limits  to  be  exceeded.  Under  these  conditions,  the 
fuel  control  has  gr<>ot  difficulty  in  satisfying  the  demands  of  oil  the  fuel  control 
limiters  and  the  speed  governor  simultaneously  wish  one  or  more  of  the  following 
consequences 

o unstable  operation 

o limiters  exceeded  in  steady  state 

o less  than  maximum  thrust 

With  "open  loop"  control,  it  is  difficult  if  not  practically  impossible  to  achieve 
moximum  thrust  over  the  entire  flight  envebpe.  This  conclusion  led  to  the 
development  of  the  "closed  loop"  control  modes  presented  next. 

Geometry  Gantroi  of  Engine  Porometers 
Philosophy 

The  "open  loop"  geometry  controls  presented  above  hod  two  t>xi|or  deficiencies 
o There  is  no  assurance  tisat  optimol  performance  will  be 
mointoined  for  engine  variations, 
o Fuel  control  stability  is  difficult  to  achieve  ol  maximum 
thrust  becouse  of  the  ntc*ltiple  limiters. 

However,  it  is  possible  to  guorontee  stable  operotiots  at  moximum  thrust  by 
utilising  the  geometry  to  control  thase  parameters  required  to  ossure  maximum 
thrust  os  shown  m the  blbwing 

Ascume  moximum  thrust  is  achieved  when  NH,  Ni,  ond  14.  t (T4)  reach  their 
limits  ana 

o NH  is  cssntfolled  by  the  fuel  control 

o Ml  Is  eontrolled  by  the  priwory  nos^le 

o 14.1  is  cunitoiied  by  the  H?l  settinj 
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With  the  ‘V)pen  loop”  control,  the  HPT  mden  setting  a,os  mode  o function  of 
NH.  This  control  and  a rron-nominol  HPT  would  produce  either  fo<5  low  a T4. 1 
(lost  thrust)  or  excessive  T4.I  (possible  stability  problems  in  the  fuel  control). 
However,  with  the  HPT  geometry  controlling  the  inter-turbine  temperature,  rtKixin-ium 
thrust  can  be  attotneO.  If  the  temperature  is  too  low,  the  HP  turbine  Index  will 
increase  lo  roise  T4.I  to  its  limit.  If  the  HPT  index  reaches  its  maximum  volue  be- 
fore T4.I  reoches  its  limit,  the  resulting  thrust  is  the  new  maximum  for  the  degraded 
engine  (assuming  the  NL  and  NH  limits  are  attained).  As  long  as  the  NL  limit  is 
maintained,  the  fuel  control  will  not  exhibit  potential  stability  problems  if  the 
HPT  reaches  its  minimum  volue  while  T4.!  is  still  obove  its  limit  with  a "super" 
engine.  In  this  cose,  the  fuel  control  still  is  only  required  to  operate  on  one 
limiter  (T4.I)  although  maximum  NH  moy  not  be  obtoined.  Similar  arguments  con 
be  mode  for  the  primory  nozzle  and  fon  speed.  T_hus^  ttie  engine  w||l  a^i^e 
the  trqximum  avoiloble  thrust  within  its  physical  constroints  without  trimming. 


Un'ortunotely,  the  case  for  maintaining  min* mum  ifc  with  engine  voriations  by 
using  the  geometry  to  control  engine  porameters  is  tvst  as  clear  cut.  Ho  wever, 
the  proper  choice  of  engme  porometers  will  enhance  the  probability  thot  ne»jr 
optiiTtol  sfc  will  be  obtained.  Minimum  sfc  for  o g*’ven  thrust  is  generuUy  ob~ 
toined  by  attaining  the  following  condition^: 

0 Maximum  airflow 

o Maximum  byposs  ratio 

0 Minimum  burner  temperature 

If  the  nominal  optimal  values  of  these  parameters  ore  maintained  tor  a give^t 
thrust,  n^r  minimum  sfc  ope^tign  sht^ld  be  abtomed  even  with  a noo*nomif^! 
ermine  without  trimming. 

With  the  fijsed  Hon,  Hon  speed  and  ion  pressure  tatio  will  eonttul  the  total  ertgin? 
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airflow.  (It  should  bs  nof«d  that-  tofal  airflow  control  is  also  important  for 
inlet  matching,  especially  under  supersonic  conditions.)  The  total  airflow  and 
bypass  ratio  con  bo  controlled  by  controlling  the  duct  and  core  flows  individually. 
Limited  control  of  the  byp-;  ss  ratio  can  be  achieved  bv  controlling  the  duct  and 
core  pressure  ratios.  Pseudo  control  of  the  burner  temperature  is  achieved  through 
control  of  the  inter-turbine  temperature. 

Therefore,  it  is  desirable  to  control  some  combination  of  the  following  parameters 
to  assure  maximrm  thrusi  ond  near  minimum  sfc  while  minimizing  the  stability 
problems  in  the  fuel  control  a variation  in  engine  parameters. 


NH 

- high  pressure  rotor  speed 

NHC2 

- high  pressure  rotor  speed  - corrected 

NL 

- low  pressure  rotor  speed 

NLCl 

- low  pressure  rotor  speed  - corrected 

T4.I 

- HPT  exit  temperature 

Wa|3 

- duct  airflow 

Wa3 

- HPC  airflow 

PI3/PI 

- duct  or  fan  pressure  ratio 

P7/PI 

- core  pressure  ratio 

P3 

- compressor  discharge  pressure 

To  provide  the  desired  steady  state  operation,  the  following  desirable  features 
for  the  geometry  control  were  identified: 

o Control  engine  parameters  which  are  critical  to  minimum 
sfc  and  maximum  thrust  operation  over  the  entire  flight 
envelope. 

o Provide  a relationship  between  the  engine  parameters  to 
be  controlled  and  the  control  system  input  (PLA  and  inlet 
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conditions).  This  may  be  either  directly  or  indirectly 
through  other  parameters  (NH  assuming  an  NH  governor) 
controlled  directly  by  PLA. 

o Steady  state  control  of  the  parameters  normally  limited 

in  the  fuel  control  especially  at  maximum  power  to  allow 
the  fuel  control  to  operate  on  the  governor, 
o Control  to  zero  steady  state  error. 

General  Configuration  ' 

The  general  configuration  of  the  geometry  control  loop  is  shown  in  Figure  6~l6. 
A required  value  for  the  engine  parameter  is  established  from  a schedule  which 
satisfies  the  second  item  above.  A rate  command  for  the  geometry  actuator 
is  computed  from  the  required  and  measured  engine  parameters.  The  actuator 
then  integrates  the  command  to  move  the  geometry  to  a position  that  forces  the 
engine  to  the  desired  operating  condition  (zero  error  on  the  engine  parameter). 
Generally,  the  geometry  control  is  a two  loop  system  as  shown.  However, 
geometry  position  feedback  around  ♦’he  actuator  may  be  required  if  the  actuator 
is  too  "sloppy"  (i.e.,  excessive  hysteresis).  In  this  case  an  integrator  will  be 
inserted  in  the  control  to  replace  the  actuator  integration.  A study  of  the  data 
over  several  flight  conditions  showed  that  most  of  the  data  corrected  best  to 
engine  inlet  conditions  rather  than  component  conditions. 

The  following  factors  were  considered  in  matching  the  engine  parameters  and 
variable  geometry  for  the  control  — a)  control  sensitivity,  b)  loop  gain 
variations,  c)  effect  on  transient  performance,  d)  control  authority,  and  e) 
the  ability  to  control  the  parameter  at  maximum  power.  The  results  were 
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re  6-16  General  ’'Closed  Loop " Geometry  Control 


NL  - beif  conht>iled  by  primary  nozzle  (A8) 

Wo3  - besf  controlled  by  high  pressure  compressor 

(HPC)  or  high  pressure  turbine  (HPT) 

Wa(3  - best  controlled  by  duct  nozzle  (AI8) 

P3  - best  controlled  oy  HPC  or  HPT 

P7  - best  controlled  by  A8 

Pj3  - best  controlled  by  A 18 

T4  - cannot  be  measured,  must  use  T4.I 

T4.I  - best  controlled  by  HPT  or  low  pressure 

turbine  (LPT) 

which  allows  considerable  flexibility  in  constructing  the  geometry  control 
modes. 


A study  of  the  steady  state  data  reveals  that  the  engine  will  operate  at  the 
fan  spool  speed  limit  (either  mechanical  or  aerodynamic)  over  the  upper  thrust 
range  at  most  flight  conditions.  Thus,  it  is  important  to  control  the  fan  speed 
and  the  primary  nozzle  is  the  only  geometiy  that  provides  adequate  control  of 
this  parameter.  The  secondary  nozzle  can  be  used  to  control  either  duct  flow 
or  duct  pressure  ratio.  The  duct  pressure  ratio  was  simpler  than  the  relation- 
ship between  flow  and  speed  over  the  flight  envelope.  However,  for  an  installed 
supersonic  engine,  the  flow  control  may  be  more  desirable  to  provide  inlet 
flow  matching.  Therefore,  for  all  the  rrx)de  studies,  the  nozzle  controls  were 
the  same  with  the 

o primary  nozzle  controlling  NL/V^l  described  as  a function 
of  NH/V^I  and  T|  as  shown  in  Figure  6-17. 

Duct  nozzle  controlling  the  fan  pressure  ratio  P|3/P|  de- 
scribed as  a function  of  NH/V^  j and  T|  as  sliown  in 
Figure  6-18 


o 
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However,  a greater  flexibility  exists  in  the  application  of  the  HPC,  HPT, 
and  LPT.  Several  different  complete  geometry  control  modes  will  be  dis- 
cussed to  illustrate  the  care  that  must  be  taken  to  select  an  overall  geometry 
control  mode  that  yields  near  optimum  performance  over  the  flight  envelope. 

Control  Mode 

The  first  control  mode  studied  in  detail  consisted  of 

HPC  controlling  P3/P1  as  a function  of  NH/V^ I and  Tj 
HPT  controlling  T4.I  as  a function  of  NH^6\  and  T| 

LPT  controlling  P4.|/P|  os  a function  of  NH/^^  and  T| 

A8  controlling  Nl/V^|  as  a function  of  NH/^if[  and  T| 

Al8  controlling  Pls/Pl  as  a function  of  NH/^5[ and  T| 

(It  was  found  that  P4.l/P|  worked  better  as  a control  parameter  than  P7/P1). 

This  control  mode  worked  excellently  at  static  sea  level  and  yielded  very  near 
optimal  sfc's  as  sfiown  in  Figure  6“19.  However,  it  was  not  possible  to  achieve 
maximum  thrust  at  the  supersonic  conditions  because  of  problems  in  attaining 
maximum  temperature. 

The  control  of  T4  is  a very  difficult  task  because  it  cannot  be  measured 
directly.  The  correlation  between  the  HPT  inlet  temperature  (T4)  and  exit 
temperature  (T4.1  which  is  measurable)  is  a function  of  the  HPT  geometry  :etting. 
With  the  HPT  inlet  temp'srature  at  its  maximum,  thr  exit  temperature  can  vary  by 
more  than  I20®F  over  the  range  of  variability  of  the  HPT.  Also,  the  relationship 
of  T4.I  corrected  to  the  inlet  with  respect  to  corrected  compressor  speed  pro- 
duces large  temperature  errors  for  small  speed  errors  duo  to  a nearly  infinite 
slope  ot  some  flight  conditions  near  maximum  power  os  shown  in  Figure  6-20. 
Thus,  it  wos  necessary  to  describe  the  required  T4.I  os  a function  of  PLA  and 
inlet  temperature  which  yields  Contiol  Mode  ^2. 
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Confrol  AAode  ^2 


Only  the  HPT  control  wa$  chonged  to  create  this  control  mode.  The  trans- 
lation from  a T4.I  vs.  NH  to  o T4.I  vs.  PLA  schedule  is  important  to  preserve 
a linear  steady  state  thrust  relationship  to  PLA  position.  In  addition,  if  was 
found  that  this  relationship  was  critical  in  establishing  minimum  sfc  and  maximum 
thrust  operation.  The  results  of  several  attempts  to  adjust  this  schedule  at 
static  sea  level  are  shown  in  Figure  6-21.  In  light  of  the  good  sfc's  obtained 
in  Mode  ^1,  it  is  felt  that  the  same  results  could  be  obtained  with  this  mode 
with  proper  "tuning".  A more  detailed  description  of  the  perfc  ^v3nce  of  this 
mode  is  given  in  Section  7.0. 

Control  Mode  ^3 

The  individual  geometry  controls  in  this  mode  were 
HPC  controls  P3/P2.I  scheduled  on  NHCI 

HPT  controls  Wq^  scheduled  on  NHCI 

LPT  controls  T4.I  scheduled  on  PLA  and  T|  plus  cooling 

A8  controls  NLCI  scheduled  on  NHCI 

A18  controls  P|3/P|  scheduled  on  NHCI  ond  T| 

This  mode  failed  to  work  at  moxiMum  thrust  because  there  was  insuffici^t  control 
in  the  LPT  to  rnointain  the  proper  T4.I.  The  effective  flow  oreo  of  the  turbine 
is  controlled  by  varying  the  amount  of  cooling  air  to  the  "jet  flop"  controlled 
LPT.  An  increase  in  cooling  air  reduces  the  flow  copocity  and  therefore  the 
maximum  flow  capacity  decreases  (for  a given  speed  and  pressure  ratio)  at 
the  higher  temperatures  (high  power).  Thus,  the  amount  of  voriobility  and 
control  authority  of  the  LPT  decreoses  os  moximum  power  is  opprooched.  The 
LPT  was  required  to  go  to  o low  index  to  maintain  the  proper  T4. 1 but  the 
minimum  setting  dictated  by  the  cooling  requirement  for  the  blades  prevented 
the  LPT  from  controlling  T4.I  to  the  desired  temperature.  In  this  case,  T4.I 


6-47 


SFC/SFC 


s. 


Figure  6"21  Aujustmenf  of  sfc  with  T4. 1 ^HPI)  Sche<juie  Chongei 
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exceeded  fhe  moximum  and  fhe  fuel  confroi  limiter  is  required  to  control  T4.I 
so  that  the  proper  NH  is  not  attained.  Thus,  rrKiximum  thrust  cannot  be 
obtained  with  this  mode.  In  fact,  the  decreoscd  control  authorityof  the  LPT 
at  high  power  makes  the  LPT  less  desirable  as  a means  to  control  one  of  the 
limiting  parameters. 

Control  Mode  ^4 

The  control  mode  .'oriations  have  now  been  greotly  reduced  since  only  the 
choice  of  control  for  the  HPC  and  LPT  rcmoin  assuming  that  the  HPT  must 
control  T4.I  and  the  nozzle  controls  hove  already  been  chosen  (Al8  can  be 
on  either  pressure  or  flow).  The  sensitivity  doto  for  any  of  the  remoining  control 
parameters  mentioned  above  did  not  look  very  fovoroble.  However,  the 
functional  relationship  ond  sensitivity  doto  for  the  rotio  of  LPT  inlet  pressure 
to  engine  inlet  pressure  (P4.I/PI)  displays  the  desired  cfioracteristics  ond  this 
parameter  was  cliosen  for  the  LPT  control,  (it  must  be  noted  that  the  minimum 
cooling  air  requirement  often  overrides  the  pressure  ratio  control  above  70% 
thrust.)  Considering  the  eorlier  results,  the  only  remoining  mode  left  for 
considerotion  utilized  the  HPC  to  control  the  core  or  compressor  flow.  This  mode 
works  fine  at  static  seu  level.  However,  ot  Moch  1.2  ond  500  ft.,  maximum  thrust 
cannot  be  obtained  since  the  fuel  control  will  operate  on  the  P3  limiter'  and  the 
proper  NH  will  not  be  attained. 

For  installed  supersonic  opplicotions,  the  control  of  core  flow  moy  be  more 
desiroble  trKin  moximum  thrust,  in  this  cose,  this  rro<ie  is  more  desirable  titan 
Mode  ^3  since  the  P3  limiter  is  exceeded  less  often  thon  the  T4.I  limiter. 
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7.0  CONTROL  MODE  SELECTED  FOR  JTD 


Tiiis  section  presents  the  selected  control  mode  and  presents  the  performance 
of  the  control  system  and  engine  over  a wide  range  of  operating  conditions. 
Also,  some  of  the  key  control  parometers  were  varied  to  check  potential 
problems  during  the  testing  af  the  JTD  at  seo  level  stotic  conditions.  /V\ost 
of  the  information  in  this  section  has  been  normalized  with  respect  to  design 
porameteri  to  preserve  the  ^classified  stotus  of  this  report. 

Selected  Control  Mode 

The  control  mode  for  the  jTD  depicted  in  Figure  7-1  can  be  summarized  as 
follows: 

Fuel  Control 

o NH  Governor 

0 Acceleration  Schedule  (Wf/P3  vs  NH) 
o Acceleration  Control  ( dPS/Pj) 

o Deceleration  Schedule  (Wf/P3  vs  NH) 

Q Limiters 

(1)  NHj.  (forrected  NH) 

(2)  NL 

(3)  NLg  (corrected  NL) 

(4;  14.  I (inter  turbine  temperature) 

(3)  T8T  (Turbine  biode  temperoture-opticol  pyrometer 
(6)  CDP  (eomp/essor  disehorge  pressure) 

G^metry  Contfo 

0 HPC  eonifoU  P3 'V ! scheduled  on  NM^  j 
o HPT  controls  T4.1  scheduled  on  PLA  ond  T | 
o LPT  controls  P4.  l/PI  scheduled  on  NH^)  plus  cooling  re- 
Quifements 
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JTD  CONTROL  MODE 
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o A8  controls  NLd  scheduled  on  NHd 
0 A 18  controls  PI3/P1  scheduled  on  NHd  T] 

The  luel  control  logic  is  shown  in  Figure  7-2  and  the  various  schedules  are 

presented  in  Figure  7-3.  The  following  limiter  reference  values  have  been 
established 

NHc  ~ 105  percent  of  design 

NL  - 103  percent  of  design 

NLc  - 105  percent  of  design 

CDP  - 105  percent  of  design 

TBT  - {this  mode  was  never  exercised  since  the  simulation 

does  not  model  metal  temperature) 

T4. 1 - 102. 1 percent  of  design  point 

The  geometry  control  logic  is  shown  in  Figure  7-4  and  the  various  schedules 
are  presented  in  Figure  7-5. 

Performance 

The  goal  for  the  control  was  to  provide  optimal  steady  state  performance  and 
"good"  dynamic  performance.  Thus,  con»Herable  effort  was  expended  to 
develop  a mode  that  ochieves  maximum  thrust  and  minimum  SFC  over  the  flight 
envelope.  The  gains  of  the  control  loop  were  then  adjusted  to  give  good 
dynomic  response. 

The  steady  stote  and  dynamic  response  of  the  control  at  the  following  flight 
conditions  hove  been  investigated, 
o Static  sea  level 
o Mach  1.2  at  500  ft.  {152.4  meters) 
o Moch  .75  ot  36,039  ft.  (11,000  meters) 

o Mach  2.2  ot  36,089  ft.  (11,000  meters) 
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ximum  Thrust 

The  maximum  thrust  points  for  the  four  flight  conditions  were  established  with 
the  optimization  procedure  described  in  Section  5.0.  The  optimization  on 
thrust  was  accomplished  without  two  constraints  later  imposed  during  the  control 
mode  development.  To  avoid  fan  surge  during  accelerations  with  hot  inlet  tempera- 
tures, the  duct  nozzle  minimum  area  wos  increosed  from  100  to  135  square  inches. 

In  addition,  evaluation  of  the  low  pressure  turbine  cooling  showed  that  the 
minimum  LPT  setting  of  .8  would  not  provide  sufficient  cooling  at  the  upper 
end  of  the  temperature  operating  range.  Generolh. , the  minimum  setting  at 
maximum  thrust  will  be  1.2  which  yields  a 3%  to  5%  reduction  in  the  maximum 
thrust  when  compared  to  the  0.8  minimum.  A comparison  of  the  maximum 
steady  state  thrusts  for  the  selected  control  mode  ond  the  optimal  engine  set-up 
for  maximum  thrust  is  given  in  Table  7-1. 

In  the  two  cases  where  the  ‘'optimol'*  moximum  thrust  does  not  violate  the  new 
constraints  on  the  duct  nozzle  or  LPT  setting,  the  proposed  control  mode  pro- 
vides more  than  99  ot  the  optiimol  thrust.  As  expected,  the  controlled 
parameters  (speed,  /e  nperature  and  pressure)  were  very  close  to  the  optimal 
and  it  was  gratitying  to  note  that  the  control  variables  (geometry  positions) 
oiso  were  close  to  their  optimal  settings  which  indicates  the  optinnol  engine 
condition  is  unique  and  cun  be  specified  in  terms  of  geometry  position  or  engine 
poro  meters. 

At  static  sea  level,  the  thrust  oehieved  is  olmost  within  1%  of  the  "optimol  “ 
evesA  though  the  optimol  Ll^T  setting  af  0.6  cannot  be  achieved  aecouse  the 
cooling  requirement  necessitates  u higher  inti^x  . The  Isigh  LPT  setting  increoses 
the  ifster- turbine  femperofure  and  creates  on  error  in  the  KPT.  The  HP!  closes 
down  (less  airflow)  to  bwer  the  temperature  and  to  compensate  for  the  higher 
turbine  temperature  created  by  the  higher  LPT  setting.  One  should  nate  that 
the  controlled  parameters  ore  neor  optimal  even  though  the  HPT  ond  LPT  hod 
lo  ossume  non-opfimal  settings  ersd  near  moximum  thrust  was  oehieved. 
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Thrgt?  FyffI  ‘■low 

FlijKt  Co^dlKort  (Pcfc^?)  (IbAf) 
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hH<n« 


LPT  A8 
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!n? 


Opt 

130,0 

1?,36/ 

IX 

■M 

ICj 

.8 

2J) 

1)5 

nil 

APS! 

98.9 

16,  ’-16 

IX 

100 

IOC 

112 

101 
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XI 
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94 
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99 

93 

IX 
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97 

98 

I Jl) 

0'3 

D 

1.2 

2j.i 

m 
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i'30.0 

16,919 

|.» 

IX 

IX 
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108 

1. 12 

Alt  .36,039  Ft 

APSI 

99.2 

u 

16,2/0 

IX 

IX 

IX 

120 

106 

1.20 

283 

208 

Table  7-1  Maximum  Thrust  Comfxjrison 


At  .75/36K/  the  cooling  requirement  does  not  allow  the  optir«K]|  .8  LPT  index 
and  the  optimal  duct  area  of  108  in. 2 cannot  be  obtoined  because  the  minimum 
area  wos  raised  to  135  in.^  to  prevent  fan  surge.  Therefore  the  rtxaximum  thrust 
is  2.3°u  less  than  the  optimol.  As  in  the  previous  case,  the  HPT  reduced  the 
HPT  airflow  capability  to  offset  the  higher  temperoture  created  by  the  LPT 
setting.  However,  there  is  no  other  geometry  to  moke  up  for  the  limits  on  the 
duct  nozzle  and  thus  the  optirtiot  duct  pressure  was  not  obtoined. 

Minimum  sfc 

Normalized  sfc  vs.  thrust  for  the  four  flight  conditions  is  plotted  in  Figure  7-6  along 
with  the  ‘bpfinwl"  values.  As  discussed  earlier,  o criticol  step  in  ochieving  the 
optimal  sfc  is  the  esfoblishment  of  the  T4.I  temperoture  vs.  PLA  schedule 
for  the  HPT.  Some  ■*tuning“.of  the  HPT  schedule  was  done  at  stotic  sea  level, 
but  na  odjustrrient  in  the  initial  schedule  wos  mode  at  the  other  flight  conditions. 

The  ability  to  Qttoin  near  optimol  sfe  over  u wide  raitge  of  flight  conditions 
has  been  demonstroted  by  this  corilrol. 


O^namic  Response 


the  dynamic  responne  presented  here  demonstrotes  that  o properly  chosen  control 
mode  designed  to  give  optimum  steody  stote  perfdrrnonce  con  also  yield  good 
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dynomic  response.  Nc  attempt  has  been  mode  to  optimize  the  transient  behavior 
of  the  control  and  only  gain  changes  have  been  made  to  provide  stability.  It 
is  felt  that  more  complex  frequency  domain  compensation  (filtering)  could 
improve  the  dynamic  response  of  the  system.  However,  this  "tuning"  of  the 
control  should  be  attempted  after  a better  definition  of  the  hardware  is 
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Figure  >6  SFC  Performance 


intorporored  into  the  digitol  engine  simulation. 

The  following  tronsicnts  are  presented  in  Figures  7-7,  7*S  and  7-16  through 
7-24  for  the  four  flight  conditions. 

Accelerations 

o Idle  to  Intermediate  power 

o Idle  to  part  power  (85%) 

o Port  power  (30%)to  part  power  (85%) 
o Port  power  (30'%)  to  Intermediote 
Decelerctions 

o Intermediate  to  Idle 

in  each  case,  the  throttle  movement  was  a uniform  rate  for  1 secorvd.  The 
transietits  will  be  discussed  in  detail  in  the  following  sections  with  special 
emphasis  or.  the  static  sea  level  cose  which  presently  is  envisioned  for  JTD 
test  stond  operation. 

Sea  Levd  StafK 

The  response  of  the  engine  and  control  to  a full  throttle  acceleration  (Idle  to 
|nterrr\ediafe  power)  is  showri  in  Figure  7-7.  The  response  is  typical  of  today's 
high  pefforfTWnce  engines  in  w?iich  the  fuel  corstrol  experiertees  multiple 
limiters  before  reaching  steady  state  pertornsunce.  For  the  first  second,  the 
fuel  control  is  on  the  acceleration  schs^Juleond  then  ssvifehes  to  the  speed 
governor  mode  for  the  nexf  second.  At  the  switcF»3vef  point,  there  is  Q short 
droop  in  the  tuel  flow  eoused  by  the  dynamics  involved  in  switching  from  the  limiter 
to  the  govetnor.  This  phenomena  is  effrJCted  by  the  pump  dynomles  and  the  type  or 
reset  on  the  governor  integrolor,  which  will  be  shown  later.  At  opproximotely  two 
seconds^  the  Nl  limiter  becomes  dominant  for  approximately  I second  after 
which  the  primary  rso£ste  ftas  apptooched  its  steady  state  value  and  has  control 
of  Nl . The  A8  control  gain  r,urusot  be  toised  to  improve  tite  geometry  control 
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of  NL  because  of  stability.  The  interaction  of  the  fuel  control  NL  limiter  and 
the  primary  nozzle  control  makes  analysis  and  dynamic  compensation  of  the  pri- 
mary nozzle  difficult.  There  is  also  coupling  between  the  primary  nozzle  and 
the  HPT  control  since  the  A8  control  loop  stability  increases  when  the  HPT 
is  fixed.  A more  concentrated  effort  in  this  area  is  planned  when  a better 
definition  of  the  nozzle  actuation  dynamics  and  the  engine  components  for 
the  JTD  testing  is  available  for  the  simulation. 

At  approximately  3 seconds,  the  T4.I  limiter  becomes  dominont  for  about  3 
sccondj.  The  pylnr  ar  which  rhe  limiter  engages  and  the  amount  of  T4  overshoot 
is  mainly  a function  of  the  lag  in  the  T4.I  thermocouple.  The  thermocouple 
has  been  compensated  to  reduce  the  effective  lag  to  0.2  seconds  at  static  sea 
level  intermediate  power  flow  levels.  In  addition  to  degrading  the  fuel  14. 1 
limiter,  the  thermocouple  lag  greatly  affects  the  HPT  control  loop.  The  HPT 
initially  opens  up  because  it  thinks  the  engine  is  undertemperature  because  of 
the  lag.  This  drives  T4  overtemperature  even  more  ond  providing  on  adverse 
effect  on  the  ability  of  the  turbine  to  Decelerate  the  high  speed  rotor  i^H). 
However,  it  will  be  shawn  loter  that  the  opening  of  the  HPT  improves  the  surge 
(txirgin  of  the  engine  during  the  crucial  initial  phase  of  the  tronsieiit.  After 
6 seconds,  the  steody  state  thrust  condition  lacis  been  ochieved  ond  the  finol 
portion  of  the  tronsient  allows  some  of  the  geometry  to  reach  their  final  volues 
with  minimum  effect  on  the  thrust. 

It  sliould  be  noted  that  adequate  surge  nurgins  ore  maintained  throughout 
the  transient  artd  the  compressor  surge  margin  does  rvot  drop  below  the  final 
steady  stote  value  for  ir*.termcd]ate  tivust. 

Accelerotions  for  the  four  throttle  motions  given  above  ore  shown  in  Figure  7-8. 
The  only  <!gnificont  observation  ofter  looking  at  these  other  conditions  is  the 
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fact  that  the  compressor  surge  margin  dropped  to  10', 'b  during  the  idle  to  part 
power  (90%)  acceleration.  This  was  caused  by  two  factors. 

First,  the  acceleration  schedule  (Wf/P3)  was  not  reoched  and  the  AP/P  limiter 
came  into  effect  to  avoid  compressor  surge.  The  acceleration  schedule  could  be 
"tuned"  to  yield  more  surge  margin.  Continued  evaluation  of  the  AP/P  limiter 
will  dictate  if  additional  adjustment  is  required.  In  addition,  the  HPT  did 
not  move  much  initially  and  thus  there  was  little  surge  rrHirgin  relief  provided 
by  the  HPT. 

The  deceleration  for  static  sea  level  is  shown  in  Figure  7"9.  No  problem  with 
deceit  ations  is  expected  with  the  proposed  control  mode. 

Since  conditioned  air  is  not  expected  for  the  JTD  testing,  the  inlet  temperatures 
foay  vary  from  0°F  to  I00®F  during  the  tests.  Figure  7-10  present  the  idle  to 
inf  r'mediate  accelerations  over  this  temperature  range.  Nothing  unusual 
was  seen  in  these  transients  alt.-ough  some  adjustment  of  the  acceleration  schedule 
ar  0®F  may  be  required  to  preserve  surge  morgin. 

Another  feature  expected  during  the  JTD  testing  is  un  investigation  of  AP/P 
surge  control  os  a substitution  for  the  normo!  Wf/P3  occeleration  schedules. 

This  will  be  accomplished  by  ntoving  the  Wp^P3  schedule  "out-of-the-way" 
ond  allowing  the  AP/P  limiter  to  protect  the  compressor  from  surge.  A com- 
parison of  the  Wf.'^P3  controlled  occeleration  ond  an  acceleration  where  the 
Wf/p3  acceleration  schedule  was  moved  to  yield  only  ^P/P  surge  control  is 
sftown  in  Figure  7''i  1.  The  thrust  response  betsi‘fits  of  aP/P  surge  control  seem 
negligible  ond  the  penoities  in  surge  margin  ore  high.  This  occurs  because  no 
limiting  control  of  fuel  is  creoted  until  surge  is  dose.  It  eon  be  seen  that 
surge  changes  rapidly  arid  a very  fast  control  will  be  required  to  utilize  only  AP/P 
effectively.  This  will  require  o liigh  irtteration  role  if  o digitol  oontiol  is 
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used  ond  a fosf  pump  and  mererin<}  sysfem  to  respond  to  the  fuel  commond. 

Further  investigation  of  AP/P  surge  control  (with  ar»d  witliouf  Wf/P3  Acceleration 
Schedules)  is  expected  since  it  does  tie  surge  control  more  directly  to  the  compressor 
ond  should  be  less  sensitive  to  engine  variations. 

Early  in  the  "open  loop"  vjjometry  control  mode  studies,  it  was  noted  that 
the  type  of  control  used  for  the  HPT  hed  a lorge  impact  on  the  nature  of  the 
transient  behavior  of  the  entire  control  system.  The  HPT  control  is  also  im- 
portant to  the  transient  behavior  of  the  "closed  loop"  control  mode  as  seen 
in  the  comparison  berween  acceleration  with  the  selected  mede  and  the  same 
mode  with  a fixed  HPT  shown  in  Figure  7-12.  With  a fixed  HPT,  the  response 
is  much  smoother  since  the  thrust,  temperature,  and  speed  overshoots  are 
reduced.  However,  100%  thrust  is  achieved  approximotely  2 seconds  foster 
with  the  vorioble  fuibine  even  thaugh  some  droop  accurs  after  full  thrust  is 
achieved..  The  faster  response  is  obtoined  with  a significont  increase  in 
eo'hpressor  surge  margin.  The  response  olso  sugges  s o significant  coupling 
between  the  primary  no?zle  and  the  hPT  si  see  the  A8  loop  is  very  stable  with 
a fixed  HP  turbine.  Thus,  tHu  %‘arkjbl^  lurbine  "buys"  faster  response  with 
improved  surge  margin  ot  the  expense  of  grentth  temperoture  excursions  and 
more  complex  stability  problems. 

Mony  control  goins  ond  hardware  dyrsomics  were  varied  to  determine  the 
relative  stability  of  the  control.  The  results  tro«>  some  of  the  more  interesting 
variations  ore  presersfed  in  Figures  7-  13  through  7-  15  for  changes  in  fuel  control 
gavernor  goin,  integrator  res**t  limits,  and  pump  dynomics,  respectively. 

in  addition  to  reducirsg  the  .'.tobiiity  of  the  fuel  control,  l.'icreosing  the  integrol 
goin  of  the  goverrvar  reduces  the  thrust  dfCOp(u  sdershxft)  when  the  control  is 
on  the  T4.I  limiter.  A reduction  in  the  rotio  af  governor  p<oportior\ot  goin  to 
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inf«qral  gain  smoothi  the  frapsition  from  the  acceleration  schedule  to  the 
o'lvernor  loop  and  from  the  NL  limiter  loop  to  the  governor  loop.  However, 
the  reduction  increases  the  initial  thrust  overslioot  end  initial  thrust  and 
tomperoture  undershoots  os  shown  in  Figure  7-  13, 

A small  irTiprovement  Ir'i  the  thrust  response  rime  wQS  oLroir^ed  by  limiting 
trif  minimum  output  of  the  governor  integrator  os  seen  in  Figure  7-14,  The 
cost  of  the  improvement  includes  larger  temperature  overshoot,  less  surge 
margin  ond  more  fuel  used.  The  use  of  limits  rrwy  also  be  attractive  in  a 
digital  meclwnization  to  aid  the 

A fixed  set  of  pump  dynamics  was  used  in  the  simulation  for  simplicity  even 
tlvDi-'gft  the  pomp  dynamics  may  vory  with  flow  rate.  To  investigote  this 
'"iriability  with  the  proposed  control  mode,  several  different  time  constants 
(or  the  pump  were  utilized  to  generate  the  responses  shown  in  Figure  7-15. 

In  addition  to  reducing  the  stability  of  the  fuel  control,  the  increased  pump 
time  constant  effects  the  switchover  to  the  acceleration  schedule  at  the  be- 
ginning of  the  transient  which  reduces  the  surge  morgin  of  the  system.  From 
these  results,  it  is  obvious  tfijt  it  is  desirable  to  hold  the  pump  lag  to  less 
r^ion  0.1  seconds.  This  potential  problem  requires  continued  evoluation  as  th 
simi/iotion  is  revised  to  retlecf  the  true  rwrdwQfe  ond  moy  even  require  some 
specioi  compensation  similor  to  tf»at  u»ed  with  therntoeouple  logs  if  the 
pump  tag  is  large. 

v2  at  36, 089  R . 0 U 000  m) 

The  tronsi«it  responses  at  this  condition  ore  very  well  behoved  os  seen  in 
/'  16  through  7-  18.  The  occeierotion  schedule  controls  the  first  1-1/2 
'.econds  of  the  trunstent  ond  the  T4.I  limiter  is  domingrtt  from  approximately 
3-5  secorsds  into  the  tronsient.  The  goverrsar  r-^nfrols  the  fuel  ot  ail  other 
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times.  The  tact  th:if  the  primary  rsozzie  is  already  at  the  minimum  stop  and 
an  appreciable  error  in  NL  for  the  A8  loop  exists  at  idle  forces  the  primary 
to  renxsin  at  the  minimum  durirsg  the  initial  record  of  the  transient.  This 
retards  the  acceleration  of  the  fan  (NL)  ana  Iceeps  the  fuel  governor  off  the 
NL  limiter  and  produces  a better  transient  resporsse.  This  information  nxiy 
be  useful  in  future  studies  of  the  primary  no^^tlc  loop  at  static  sea  level. 

Mach_|.2  at  500_^f.  (152  meters) 

The  most  significant  feature  of  the  accelerations  was  the  limiting  of  the 
secondary  nozzle  travel  to  ovoid  fan  surge.  A minimum  urea  of  135  sq.  in. 
for  the  duct  nozzle  was  established  to  prevent  fan  surge.  Compressor  surge 
fTKjrgin  is  no  problem  and  the  acceleration  schedule  Is  not  enacted  during 
the  tronsient.  The  only  engine  limits  reached  at  intermediate  power  ore  T4.I 
and  P3.  The  HPC  controls  the  compressor  discharge  pressure  accurate  ersough 
to  prevent  any  oversfvoot  in  P3  ond  thus  the  P3  limiter  in  the  fuel  control  is  not 
exercised.  Therefore,  only  the  governor  and  T4.i  limiter  are  exercised  during 
tile  idle  to  intermediute  power  acceleration  shown  in  Figure  7-  19  ond  the  other 
accelerations  sbowis  in  Figure  7-21. 

meters) 

Tfve  cold  input  was  fhe  most  challenging  ot  the  flight  condition  selected  to 
establish  a workable  uccelerotian  s^ihedule  os  iwottxJ  in  the  development  of  the 
tuel  control.  It  was  also  necessary  ro  .educe  the  fuel  control  gains  significantly 
ot  this  flight  cunditiun  fu  acfiicve  stability,  (ihe  .vonlinear  gains  tnighf  be 
eliminated  by  the  use  of  »Vp  P3  instead  of  in  the  governor  arsd  limilefs.) 

The  tifst  problem  with  the  aecelefution  sche<iule  durirsg  on  idle  to  intermediate 
pOwe'  uccelefution  is  shown  in  figure  7-22  is  preserving  adequate  surge  morgin. 
On  the  guvetnof,  flic  luigc  norgim  drop  from  neat  jO  pefeetsi  to  about  10  percent 
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in  le&s  fHcr  miiliieconds  before  the  acceleration  schedule  takes  contral. 
This  rapid  decrease  in  surge  margin  is  too  fast  for  the  present  dP/P  surge 
control  to  compensote.  Thus,  either  o very  fast  A P/P  loop  or  an  occelerotion 
schedule  is  required  at  this  flight  condition.  The  lower  gains  and  more 
stringent  acceleration  schedule  required  to  mointoin  surge  margin  moke  the 
initial  accele.ution  very  slow  compared  to  the  other  flight  conditions.  First, 
the  corrected  NL  linr>iter  and  later  the  T4.I  limiter  reduce  the  fuel  flow  which 
creote  two  reductions  in  NH  and  a corresponding  drop  in  the  Wf/'^P3  permitted 
by  the  acceleration  schedule.  If  this  drop  is  too  great,  the  sp<^^  continues 
to  decrease  and  the  engine  decelerates  instead  of  occelerating.  The  decelero' 
tion  is  aided  by  the  opening  of  the  HPT  becouse  T4. 1 decreases.  Thus  the 
acceleration  schedule  must  be  low  enough  to  prevent  surge,  but  not  too  low 
to  prevent  full  acceleration  of  the  engine,  it  moy  be  advisable  to  sacrifice 
optimol  steody  stqte  performance  and  establish  o new  operoting  line  to  allow 
more  fleiiibiiity  in  the  occelerotion  schedule. 

A series  of  acceleration  ore  shown  in  Figure  thot  display  the  some  chor~ 
acteristics  discussed  above.  The  decelerotion  shown  in  Figure  7*’24  indicates 
no  problems  in  this  transient  rnode. 
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Figure  7-21  Internx^diate  Power  to  Idle  Decelerotion 
Ql  ^Wich  1 .2  and  300  Feet 
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S ° yi*  CONTROL  MODE 

In  fhe  evenf  of  a failure  io  the  primary  controller,  it  is  desirable  that  the 
engine  control  automatically  revert  to  a secondary  or  backup  control.  For 
economy  and  reliability,  it  is  desirable  to  keep  the  backup  control  as  simple 
as  possible.  Two  different  criterio  were  considered.  The  simplest  would  only 
provide  safe  operation  for  a fly-home  capability  with  emphasis  on  low  SFC  of 
cruise  condition.  The  second  would  provide  for  at  leost  90%  thrust  capability 
in  accordance  with  MIL-E-5007D. 


The  backup  system  is  simplified  by  reducing  the  number  of  controlled  geofnetry 
variables  to  a minimum  ond  fixing  the  remaining  geometry  in  a fail-safe 
position.  The  electricol/mechonicol  design  of  'uch  geometry  would  auto- 
matically provide  fail-safe  operation  by  outomoti^lly  positioning  the  geometry 
in  the  desired  {X)sitlon  when  the  primary  controller  foils.  Potential  failures 
other  than  the  primory  controller  (i.e.,  octuotors,  pump,  etc.)  vx>uld  also  hove 
to  be  considered  In  accordance  with  the  probobility  of  such  a foilure. 

The  high  pressure  cornpres«>r  (HPC)  is  the  only  geometry  thot  must  be  varioble 
by  design  since  the  bosic  surge  morgin  of  the  HPC  is  obtoined  by  vorying  the 
vanes.  All  other  geometry  can  remoiri  fixed  with  different  effects  on  the 
transient  response  and  maximum  thrust  of  the  engine.  The  following  two  cases 
were  studied. 


Nominal  Pefforrronee  Fixed  Geometry 


Fan 

HPC  surge  control 
HPC  fbw  control 
HPT 
LPT 


too  index 

Vorted  vs  corrected  speed  per  design 
120  iridex 
ICO  index 

Maximum  cooling  air  requirement 
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Primary  Nozzle 
Secondary  Nozzle 


- ^80  squore  inches 
“ 220  square  inches 


Maximum  Thrur  “ixed  Geometry 


Fan 

HPC  surge  control 
HPC  flow  control 
HPT  position 
LPT  position 
Primary  nozzle 
Secondary  nozzle 


= 100  index 

= varied  vs  corrected  speed  per  design 
= 1 i2  index 
= 102  index 

= Mo  cimum  ending  air  requirement 
= 230  squore  inches 
= 135  square  inches 


The  nominol  performonce  fixed  geometry  represents  the  overage  or  meon  value 
of  the  various  geometry  positions  observed  over  the  thrust  range  for  sturic  seo 
level  conditions.  The  one  exception  is  the  geometry  setting  for  the  low  pressure 
turbine  (LPT)  which  was  set  to  the  moximum  turbine  temperoture  cooling  air 
requirement  to  pturect  the  turbine  stotors.  The  moximum  thrust  configurotion 
represents  the  gieomefry  requirements  for  100%  tK’ust  ot  stotic  seo  level  (stondard 
doy)  conditions. 


The  steady-stote  response  for  the  followirsg  tlrree  flight  conditions  were  con 
sidered 

o Stotic  see  level 
o Mach  t.  2 (it  500  foot  ottiiude 
o Mouh  2. 3 ot  36,069  foot  uit.'tuoe 
The  sfc  curves  for  the  first  two  coses  ore  sKowms  in  Figure  6*1. 


The  following  conclusions  were  drown  for  the  nominol  performance  fi*ud 
geometry; 
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Figure  8-i  SFC  Comparison  for  Fixed  and  Variable  Geometry 


o 


Approximately  90%  of  maximum  thrust  was  obtained  at  static  sea 
level. 

o Utilization  of  nominal  fixed  geometry  resulted  in  a 5%  sacrifice 
in  sfc  in  the  mid-thrust  range  at  static  sea  level  conditions. 

o A higher  thrust  level  was  achieved  at  Mcch  1.2  and  500  foot 
altitude  with  this  configuration  than  with  the  maximum  thrust 
configuration  defined  below. 

o The  tiffect  on  sfc  was  acceptable  in  the  upper  thrust  range  with 
this  configuration  at  Mach  1.2  at  500  feet. 

The  following  conclusions  were  drawn  for  the  maximum  thrust  configuration: 

0 Maximum  thrust  was  achieved  at  static  sea  level. 

0 The  SFC  at  static  seo  level  was  increased  by  12%  in  the  mid- 
thrust  range  with  this  configuration. 

o Only  85%  of  maximum  thrust  was  obtained  at  Mach  2.2  and  36,087 
foot  altitude. 

o Fan  surge  margin  was  reduced  to  less  than  10%  at  Mach  1.2 
and  500  foot  altitude. 

0 The  sfc  was  deg..ided  by  10%  with  this  configuration  at  Mach  1.2 
at  500  feet. 

Further  study  of  the  data  revealed  that  the  major  factor  in  loss  of  thrust  ond 
fan  surge  margin  was  the  fixed  secondary  nozzle  area.  Thus,  the  secondary 
nozzle  was  varied  according  to  the  optimal  geometry  position  control  laws 
schedule  for  the  fully  variable  engine.  The  nominol  performance  configuration 
obtained  nearly  moximum  thrust  for  stotic  seo  level  and  Mach  1.2  at  500  foot 
altitude  as  did  the  maximum  thrust  configuration.  The  fan  surge  margirts  for 
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the  maximum  thrust  configuration  returned  to  near  the  levels  obtained  with 
a fully  variable  geometry  engine. 

This  study  indicates  that  “fly-home''  performance  can  be  obtained  by  fixing 
all  the  geometry  other  than  the  HPC.  However,  such  a system  will  probably 
fall  short  of  the  specification  requirement  of  90%  thrust  with  the  backup  control 
over  the  entire  flight  envelope.  To  achieve  moximum  or  near  maximum  dry 
thrust  over  the  entire  flight  envelope  and  acceptable  fon  surge  morgin,  the 
HPC  and  secondary  (duct)  rwzzie  must  be  variable. 


Backup  System 


To  continue  the  development  of  a backup  control  for  the  JTD,  it  has  been 
assumed  that  the  requirements  of  MIL-E-5007D  with  respect  to  maximum  thrust 
must  be  met.  Thus,  the  backup  system  must  provide  control  of  the  following: 
o HPC  surge  control  geometry 

o Duct  nozzle  oreo 

o Fuel  flow 

The  HPC  surge  control  geometry  requirements  are  dictated  by  the  compressor 
design.  The  geometry  must  be  positioned  os  a function  of  corrected  NH  ond  the 
“ideol  “ schedule  hos  been  assumed  in  the  generation  of  the  component  maps. 

As  far  os  the  JTD  jimulatson  Is  concerned,  the  cur-frol  designer  has  no  flexibility 
in  cftor>gir>9  “ideol “ schedule. 


Several  options  ore  available  for  the  control  of  the  secondary  or  duct  nozzle. 
The  primory  control  mode  could  be  used  or  the  engine  could  be  reoptimized 
with  the  other  geometry  fixed  ond  a new  control  mode  devebped.  Hawever, 
a simpler  control  mode  thot  would  ochieve  tscorly  optimum  thrust  was  sought 
to  reduce  the  complexity  (and  cost)  of  the  backup  control.  The  urea  could  not 
he  scheduled  on  PLA  because  different  AI8  ureas  ore  required  at  intermediate 
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power  fo  achieve  at  least  90%  power.  Neor  maximum  thrust  can  be  assured 
if  the  duct  n^ozzle  area  is  a function  of  the  flight  condition  or  more  practically 
— inlet  temperature.  This  criteria  also  eliminates  the  fon  surge  problem  noted 
with  a fixed  duct  nozzle.  Thus,  the  duct  nozzle  is  scheduled  as  a function  of 
inlet  temperature  to  achieve  near  maximum  thrust. 

The  fuel  control  will  be  a nxjjor  factor  in  the  dynamic  response  of  the  engine. 

A successful  manual  or  backup  fuel  control  utilized  on  the  TF4I  engine  schedules 
fuel  flow  os  a function  of  PLA  and  P2.I  as  shown  in  Figure  8.2.  Operating 
lines  for  several  flight  conditions  are  plotted  on  a graph  of  Wf  vs.  P2.1.  The 
specification  requirement  of  90%  thrust  is  achieved  by  constructing  the  "schedule" 
for  intermediate  thrust  (PLA  = 95  degrees)  that  intersects  oil  the  operating 
lines  at  points  representing  a thrust  above  90%  as  shown  in  Figure  8-2. 

Additional  PLA  lines  ore  drawn  to  yield  recsonobly  linear  thrust  response  on 
the  backup  control. 

Combining  the  three  control  loops  described  obove  yields  the  backup  control 
system  siwwn  in  Figure  8*3.  All  the  other  geometry  will  move  to  the  pre-determined 
"foil-safe  ' position  at  a fixed  rate  estoblished  to  achieve  a smooth  Vonsition  to 
backup.  The  foil-sofe  positions  ond  foil  rotes  established  in  this  study  ore 


Geometry 

Foil-Sofe  Position 

Foil- Rate 

HPC  flow 

120 

10  units/see 

HPT 

102 

4 units/sec 

LPT 

1.25 

.2  units/sec 

A8 

260  sq.  in. 

60  in.2/see 

Figure  8-4  and  Figure  8-6  show  the  transfer  from  primary  control  fo  backup 
during  steady  stato  operation  at  intermediote  power  and  part- power  for  sea 
level  static  corsditions.  At  intermediote  power,  the  thrust  drops  approximately 
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4%  when  the  backup  control  assumes  control  of  the  engine.  The  thrust  drop 
is  slightly  more  at  the  port  power  position  selected.  Switchover  to  backup 
during  a transient  is  rrwre  denxinding  on  the  bockup  mode  since  no  limiters 
exist  in  this  mode  to  protect  the  engine.  Figures  8“6  and  8-7  show  that  the 
backup  proposed  here  also  works  well  when  switchover  occurs  during  an  accel- 
eration. Also  shown  is  the  drastic  difference  in  response  erected  by  simulating 
a failure  at  different  times  during  the  transient.  If  the  switchover  occurs  eorly 
in  the  transient  (within  the  first  second),  the  response  approsimates  the  accel- 
eration of  the  backup  system  which  can  be  charocterized  by  a single  lag  with 
a 4 to  5 second  time  constant.  However,  if  the  switchover  occurs  neor  or 
during  the  period  when  the  normal  response  is  on  one  of  the  limiters,  larger 
oversfoots  and  a faster  backup  response  can  be  expected.  In  the  cases  in- 
vestigated to  date,  none  of  the  engine  constroints  were  seriously  violated 
during  the  switchover.  This  point  requires  continued  attention  as  better  engine 
definition  is  obtained  since  the  bockup  control  has  no  "limiters"  ond  relies  on 
its  slower  response  to  protect  the  engine  during  transients. 
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9.0  CONTROL  SYSTEM  IMPLEMENTATION  CONCEPT 


An  analysis  was  made  of  the  total  computational  requirements  necessary  to 
achieve  control  of  the  various  engine  functions  on  an  augmented  fully  variable 
geometry  engine  and  the  interrelated  logic  of  assuring  proper  sequencing  of 
each  function.  Additional  considerations  of  integrated  propulsion  control, 
airframe  control  interface  requirements,  and  condition  monitoring  requirements 
were  also  evaluated.  These  complex  system  requirements  can  most  readily  be 
met,  on  a cost  effective  basis,  through  the  utilization  of  a full  authority  digital 
electronic  controller.  Current  developments  in  digital  controllers  and  inter- 
face circuits  suitable  for  engine  control  show  great  promise  of  continuing  the 
evolution  into  more  reliable  and  lower  cost  assemblies.  Therefore,  the  control 
system  implementation  effort  has  been  directed  toward  a reprogrammable  full 
authority  digital  control  system  suitable  for  engine  mounting.  This  approach 
provides  for  maximum  flexibility  for  control  mode  changes  during  engine 
development  and  modifications  during  production.  Study  effort  has  been 
directed  toward  a detailed  conceptual  definition  of  the  digital  controller.  This 
assembly  will  include  not  only  the  central  data  processor,  but  also  input/output 
circuitry,  some  engine  sensors  and  transducers,  power  conditioning  circuitry, 
and  all  engine  control  logic.  These  studies  include  computer  capacity,  re- 
dundancy considerations,  self-test,  and  failure  mode  characteristics. 

Preliminary  studies  have  been  conducted  to  determine  the  best  approach  in 
achieving  adequate  redundoncy  or  backup  for  critical  functions.  The  studies 
are  based  upon  backup  control  functional  requirements  and  rrxjde  selection 
described  in  Section  8.0.  Hydromechanical  systems,  dual  channel  controllers, 
time  sharing  of  computers  between  engines,  redundancy  of  prime  control  loops 
within  the  controller,  or  a simplified  electionic  backup  controller  are  some  of 
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fhe  approaches  considered.  The  nature  of  transfer  of  control  from  the  prime 
controller  to  the  bockup  to  assure  safe,  surge-tree  operation  is  a prime  con- 
sideration in  selecting  backup  implementation. 

Overall  System  Concept 

The  overall  control  system  functions  are  shown  on  the  functional  block  diagram 
of  Figure  9-  1.  The  system  consists  of  the  following  functional  subsystems: 

0 Digital  Electronic  G>ntroller 

o Gas  Generator  Fuel  System  - This  consists  of  the  fuel  pump,  flow 

control  element  and  the  necessary  auxiliary  components  for  the  main 
fuel  system.  The  objective  is  to  minimize  the  number  of  components 
necessary  for  fuel  control  and  take  full  advantage  of  current  pump 
development  efforts. 

The  centrifugal  vapor  core  pump  with  an  auxiliary  retractable  vane 
pump  for  starting  flows  is  defined  for  the  preliminory  concept.  The 
metering  valve  pressure  drop  control  is  performed  by  the  pump 
control  elements  to  obtain  a minimum  number  of  control  elements. 

o Hydroulic  Actuotors  for  Compressor  Geometry  Control  - The  actuotors 
for  compressor  stator  vanes  for  acceleration  surge  control  and  airflow 
matching  are  a part  of  the  iHKiin  fuel  system,  with  hydraulic  pressure 
supplied  by  the  main  fuel  pump. 

o Pneumatic  Actuators  - Four  air  motor  octuators  ore  required  for  the 
hot  section  of  the  engine.  Air  motor  drives  ore  utilized  for  both 
H.P.  turbine  stator  vane  and  L.P.  turbine  jet  flap  controls,  and 
both  the  primary  and  socondory  nozzle  areas. 

o Electrical  Power  Gor»3«Jtion  and  Regulation  - A permanent  magnet 
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Figure  9-1  Functional  Block  Diagram  of  Control  S>^tem  Concept  for  JTO  Eng 


generator  and  voltage  regulotor  is  a part  of  the  system  with  additional 
power  conditioning  required  as  port  of  the  electronic  controller 
package. 

o Sensors  and  Interfaces  - Pressure  sensors  ore  included  os  part  of  the 
electronic  controller  pockoge  ond  cooled  os  port  of  the  electronic 
cooling  load.  Position  sensors  and  devices  to  effect  electro-hydraulic 
or  electro-pneurTKitic  interfaces  are  generally  considered  with  the 
geometrv  effector  as  a specific  component.  Sensors  for  the  engine 
rotor  speeds  and  temperatures  will  be  mounted  as  convenient  on  the 
engineer  control  components. 

o Backup  Control  - In  the  preliminary  definition#  the  backup  control 
is  o separate  analog  electronic  package.  Separote  cooling  and 
power  supply  are  provided  with  the  control  electronics. 

Redundoncy  Considerotlons 

Redundancy  definition  will  be  the  result  of  future  trade  studies  ond  reliobility 
onolysis.  The  bosic  philosophy  to  be  implemented  is  one  of  achieving  the  required 
reliability  with  a minimum  number  of  parts. 

The  backup  control  is  a major  redundant  element  but  is  simplified  os  much  os 
possible  to  mointain  safe  operation  of  the  aircroft  under  pilot  supervision. 
Generolly#  it  is  considered  tlsat  eiectrohydroulic  ond  electropneumotic  inter- 
faces should  consist  of  redundont  elements.  Here  the  philosophy  is  thot  if  one 
element  foils,  it  will  be  detected  by  the  diogriostic  system  in  the  digital  computer 
and  transfer  mode  to  the  second  element  ond  rvormol  full  operation  continued. 

Redundant  position  feedback  elements  will  be  eliminated  where  possible  based 
on  mode  (closed  loop)  considerations  and  the  probability  of  somewhat  deteriorated 
but  safe  backup  performance.  Criticol  sensors  will  hove  redundant  elements. 


These  can  be  held  to  a minimum  by  utilizing  the  power  of  the  digital  computer 
to  synthesize  engine  pressures  and  temperatures  from  measured  operating  con- 
ditions. Aircraft  sensors  or  sensors  associoted  with  the  engine  monitoring  systems 
can  also  provide  some  redundancy  through  the  interface  communication  links 
of  the  digital  electronic  controller. 

Foilure  Detection  and  Tronsfer 

The  failure  detection  is  a part  of  the  self-test  and  diagnostic  features  of  the 
controller  software.  It  should  be  noted  from  a systems  concept  that  failure 
detection  applies  to  both  the  primory  digital  computer  and  the  backup  control. 

Of  significant  importance  to  system  considerations  is  the  transfer  from  the  primary 
control  to  the  backup  control.  Since  the  primary  mode  is  considerably  different 
from  the  backup  mode,  the  output  requests  could  cause  severe  transients  during 
transfer  if  provision  ore  not  made  in  the  design.  This  study  has  shown  that 
limiting  the  actuator  rotes  during  the  tronsition  is  sufficient  to  avoid  severe 
geometry  transients.  In  addition,  the  pump  ond  metering  dynamics  provide 
sufficient  filtering  to  snwoth  the  fuel  flow  transient  even  if  switchover  and 
bock'up  occurs  during  an  occelerotion  transient  (see  Figures  8.4  through  8.7). 
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Full  Authority  Digital  Electronic  Controller 

The  electronic  controller  is  conceptually  designed  os  o flightweight  engine 
mounted  configuration  having  capability  for  total  engine  control.  Figure 
9-2  illustrates  in  block  diagram  form  the  JTD  Digital  Controller  concept.  The 
principal  components  included  in  the  controller  are  the  printed  circuit  boards 
which  contain  the  input/output  signal  conditioning,  digital  computer- memory 
section,  power  condition  circuitry,  and  the  engine  pressure  transducer  module. 

A pictorial  exploded-view  representation  of  the  proposed  design  showing  the 
various  component  features  is  shown  in  Figure  9-3. 

The  control  assembly  incorporates  fuel  cooling  of  the  electronic  components 
to  enable  operation  in  the  hostile  thermol  environment  encountered  in  engine 
mounting. 

Cooling  fuel  is  distributed  to  parallel  flow  chonnels  i.''  the  controller  fiousing 
walls.  The  cooling  fuel  supply  line  enters  an  inlet  manifold  in  the  control 
liousing  tint  distributes  the  flow  equally.  An  outlet  manifold  is  included  to 
collect  the  fuel  at  the  disclsorge.  Conductive  metol  heot  poths  ore  built  into 
each  printed  circuit  cord  module  and  into  the  power  supply  and  pressure  trans- 
ducer assemblies.  The  heat  paths  ore  formed  by  including  an  aluminum  or  a 
copper  grid  in  each  printed  circuit  cord  rmdule  and  by  using  aluminum  mounting 
fromes  for  the  power  supply  ond  the  pressure  tronsducer  assemblies.  High  power 
electrical  components  are  mounted  in  intinnte  contact  with  the  heat  paths. 

The  seJf'generoted  heot  is  conducted  owoy  from  the  components  to  the  fuel 
cooled  walls  of  the  Itousing  assembly. 

The  fsousing  assembly  is  designed  to  mount  to  the  engine  cose  on  vibrotion 
dampers.  The  sprirsg  rote  of  the  mounts  onci  the  percer,tage  of  critical  damping 
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Figure  9-3  Full  Authority  Digital  Controller  Concept 


will  bo  adjusted  to  produce  the  best  possible  protection  for  the  components  of 
tlic  controller. 

The  controller  design  includes  features  which  minimize  cost  and  time  required 
to  perform  testing,  troubleshooting,  ond  replacement  ond  repair  of  component 
subassemblic:,  The  electronic  unit  utilizes  modular  construction  and  plug-in 
subassemblies. 

Electrical  Power  Generation 

The  generator  which  supplies  the  electrical  power  for  engine  controls  is  an 
advanced,  tliermally  efficient  unit.  Its  design  is  based  upon  the  concept  of 
combining  the  best  features  of  the  conventional  permonent  magnet  alternator 
(PMA)  with  those  of  the  fvomcpolor  induction  alternator  (HIA).  Regulation  of 
the  output  is  accomplished  ay  controlling  field  current  via  a switching  type 
regulator.  As  a result,  the  alternotor  delivers  only  the  power  required  by  the 
electrical  load.  When  compored  to  conventionol  PMA's,  beat  dissipation  in 
ffie  rectifier/regulator  system  is  reduced  by  50%  to  90%,  depending  upon  the 
percent  of  rated  electricol  load  connected.  The  olternator  is  driven  by  the 
accessory  gear  box  ut  approximately  28,000  rpm  at  100'%  engine  speed.  It  Isos 
no  brushes  or  slip  rings,  and  nsognefs  of  high  coercive  force  tnoterial  such  os 
samarium  cobolt  are  used.  In  the  event  of  electrical  failure  of  the  alternator, 
un  uutomutic  tfunsler  system  shifts  the  engine  electrical  loads  to  the  aircraft 
bus  . A sejxjrate  PMG  winding  and  rtgulotor  tor  ffie  backup  control  wi  II  be 
provided. 

In  addition  to  tfie  DC  output  tor  engine  controls,  the  ultemuto'  supplies  two 
independent,  wild  frequency  AC  outputs  to  energize  the  engine  ignition 
5ystcfft(s) . 

Gos  Generator  fuel  System 

A concept  of  the  lotui  fuel  system  is  sftown  in  figure  9-4  in  block  diogrom 
sthemofic  form.  This  diogrom  straws  the  fuel  ftow  paths  und  nece&sary  irrfer- 


connections  between  units  os  presently  structured.  The  ma(or  fuel  system 
components  ore  sisown  as  separate  schematics  for  clarity  of  presentation.  A 
part  of  future  study  relating  to  mointoinubility,  survivability,  ond  reliability 
will  consist  of  considerations  of  unifying  packages  or  using  separate  pockoges 
to  define  the  best  system  concept. 

Fuel  Pumping  System 

The  preferred  fuel  pump  configurotion  results  from  on  Air  Force  funded  effort 
(Contract  No.  33657- 73-C-0618)  in  conjunction  with  Chondler  Evans  Company. 
Such  a pump,  referred  to  os  the  retrocting  vane/vapor  core  pump  is  shown  in 
Figure  9-5. 
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Figure  9-5  Fvtrocting  Vone/ Vopor  Co*e  Fuel  Pump  Assembly 


The  principal  odvanfoge  accruing  from  (he  use  of  this  pump  is  low  heat  rise, 
leoving  a greeter  fuel  heat  sink  capacity  available  for  ancillary  cooling.  Low 
heot  rise  is  effected  by  means  of  inlcf  throttling  the  vapor  core  pump  to  create, 
in  effect,  o voriable  displacement  pump,  servo  regulated  to  hold  o constont 
pressure  difterentiol  across  the  metering  element. 

The  retracting  vane  element  constitutes  a fixed  positive  displocement  pomp 
suitable  for  providirtg  engine  requirements  at  starting  conditions.  In  order  to 
avoid  excess  capacity  at  operating  speeds,  the  pumping  vanes  retract  before  reaching 
erigine  idle  speed,  leaving  the  engine  running  on  the  vapor  core  pump, 

Gos  Generator  Fuel  Control 

The  gas  generotor  fuel  control  siiown  schemoticolly  as  Figure  9-6  consists  of  a 
fiat  surface  sliding  metering  valve,  with  heod  control  by  the  variable  pressure 
pump,  a cutoff/pressurizing  valve,  c servo  pressure  regulotor,  o wash  filter, 
and  an  automatic  control  to  divide  flow  between  the  primory  and  secondory  fuel 
nozzles. 

When  the  power  lever  is  moved  from  cutoff,  the  cutoff  solenoid  is  energized  ond 
opens  whenever  pump  pressure  is  sufficient  to  overcome  the  pressurizing  valve 
spring.  Initiol  bv*  flow  is  through  the  primory  burner  nozzles.  A%  flow  increases, 
rtozzie  ;>ressure  increoses  orsd  the  spring  loaded  volve  storts  to  open  oibwing 
irtcreasing  fbw  to  the  secondary  rozzles. 

The  mete,ing  volve  is  positioned  by  u torquemobr  controlled  servo.  Valve 
position  is  fed  bock  to  the  computer  by  o signol  from  on  IVDT.  Actuation 
pressure  to  move  the  metering  valve  is  provided  by  o servo  oressure  regulator. 

Position  of  the  metering  valve  yields  o fbw  oreo.  The  head  across  the  area  is 
provided  by  the  fuel  pun^  control  meehonism.  The  fbw  Is  proportbrol  to  the 
oreo  NHiltiplied  by  the  square  root  of  the  head.  Aceprocy  of  this  fbw  meter  thu* 


Figure  9-6  Gas  Generofor  Fyel  Confrol 


depends  on  >K«  accufQOy  of  h«od  confi'oi  and  accufocy  or  orpo  to 
position  convtffsion.  Th«  m«t^ring  votve  posillon  i»  ia6  bock  for  dynotfiic 
eomp«nsorion  if  ond  for  st/diagnostic  porpos«^> 

Flow  m«osof«m«nt  is  noccssory  for  light  off,  Q minimum  fiow  limit  iscpociotiy 
or  oltitud«^  and  et  t«cu»t  for  o r^Mimum  limit  on  How  in  event  of  bk>swout 
(tofoliy  or  portioUy).  Mo*t  control*  however*  i;  closed  loop  on  cn  engine 
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variable  or  variooles. 


The  metering  valve  consists  of  a flat  plate  with  the  metering  orifice  cut  into 
the  plate.  A second  flat  piote  slides  over  the  orifice.  The  metering  head 
loads  the  movable  plate  against  the  orifice  plate. 

Compressor  Geometry  Actuators 

Fuel  pressure  hydraulics  is  probably  the  most  suitable  medium  for  operating 
the  high  pressure  compressor  variable  geometry.  The  actuator  is  comprised 
of  a hydraulic  cylinder  for  force  exertion,  a torque  motor  servo  valve  for  flow 
control,  and  an  i.VDT  for  p ion  feedback.  Since  compressor  geometry  is 
one  of  the  parameters  in  .hi,  uuck-up  control  mode,  the  torquemotcr  servo 
must  be  fitted  with  double  magnetic  coils  for  the  sake  of  redundancy. 

Figure  9-7  shows  a conceptual  arrangement  of  the  compressor  geometry 
actuation  mechanism.  As  shown,  tvAj  points  ot  actuation  ore  involved;  one 
for  scheduling  compressor  stators  to  maintain  suitable  surge  margin  designated 
surge  control  actuator,  and  one  for  shifting  gain  and  position  of  all  stators  to 
optimize  the  compressor  for  engine  flow  demand. 

These  two  compressor  actuators  are  operated  by  the  digital  controller  with 
LVDT  feedback  signals  used  to  complete  each  individual  control  loop. 

Pneumatic  Actuation  Systems 

Actuotion  of  gas  turbine  engine  variable  geometry  systems  can  be  effectively 
controlled  by  the  use  of  high  speed  pneumatic  gear  motors  using  engine  com- 
pressor discharge  air.  The  use  of  high  speed  pneumatic  motors  with  slew  speeds 
of  10,000  to  25,000  rpm  in  conjunction  with  high  ratio  transmissions  of  200:1 
to  1500;  I hove  been  used  successfully.  This  combination  provides  adequate 
pneumatic  system  stiffness.  The  pneumatic  systems  permit  operation  in  higher 
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Figure  9-7  Compressor  Geometry  Actuation  Concept 


temperature  environment  than  can  be  obtained  with  hydraulic  (fuel  or  oil) 
systems  with  less  expense  and  weight  than  would  be  required  to  provide  hydraulic 
pressure  and  cooling. 
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Air  mofor  drives  have  been  selected  for  power  source  for  mechanical  actuators 
for  the  turbines  and  exhaust  nozzles.  Figure  9-8  illustrates  the  turbine  control 
configuration  and  Figure  9-9  the  exit  nozzle  configuration.  Both  systems  use 
a pneumatic  motor  control  unit  which  accepts  command  signals  from,  and  provides 
a position  feedback  electrical  signal  to,  the  engine  digital  control.  The  input 
electrical  interface  is  a flat  armature  (dry  type)  torquemotor  to  operate  the  gear 
motor  air  valve  controlling  direction  of  compressor  discharge  air  to  the  high 
speed  gear  motor.  The  feedback  electrical  interface  is  a resolver  driven  by  gear 
motor  rotation  through  a high  reduction  feedback  transmission.  The  schematics 
include  a proportional  mechanical  feedback  mechanism  that  will  on  electrical 
failure  provide  a predetermined  failure  position  for  the  system  output. 

The  pneumatic  motor  control  unit  is  connected  to  tlie  system  actuators  by  dual 
flexible  drive  cables  to  a primary  actuator,  which  is  in  turn  connected  to 
multiple  secondary  actuators  by  flexible  loop  cobles.  This  type  of  arrangement 
permits  location  of  the  pneumatic  motor  control  and  individual  actuato'’j  i., 
remote  positions  and  through  rigging  allows  synchronous  operation.  The  actuators 
provide  the  bulk  of  gear  reduction  from  motor  rotation  to  output  rotation  which 
permits  the  use  of  minimum  size  drive  cables. 

T urbine  Geometry 

Schematic  Figure  9-8  indicates  the  systerr  be  used  for  turbine  geometry 
actuation  concept  for  both  the  high  pressure  and  low  pressure  turbines.  The 
motor  control  valve  in  this  case  can  be  operated  directly  from  the  torquemotor. 
The  primary  actuator  uses  a face  geor  driven  by  the  dual  input  cables  to  drive  a 
pianocentric  high  ratio  transmission  which  in  turn  rotates  an  output  eccentric 
less  than  120°  to  provide  a relatively  linear  output  stroke.  The  secondary 
actuators  are  identical  to  the  pianocentric  stage  of  the  primary  actuator.  The 
output  links  are  attached  to  the  synchronizing  ring  or  jet  flap  valve  to  provide 
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Figure  9—8  Turbine  Geometry  Actuate, 


First  stage  servo  valve 


Figure  9-9  Exit  Nozzle  Actuator  Schemoti 


the  coordinated  stroke  and  force  required. 

Systems  of  this  type  are  currently  being  developed  under  Navy  contract 
NOOOI40-76-C-02O5. 

Primary  and  Secondary  Exit  ond  Duct  Nozzle  Area 

Schematic  Figure  9-9  illustrates  the  actuation  system  required  for  gas  generator 
exhaust  nozzle  or  fan  exhaust  nozzle  systems.  The  power  and  stroke  requirement 
will  be  considerably  larger  then  for  the  turbine  actuator  requirements  resulting 
in  10  to  20  times  greater  motor  displacement.  In  this  case,  it  will  be  necessary 
to  use  a two  stage  control  valve  for  the  motor.  The  first  stage  of  the  valve  will 
be  similar  to  that  used  on  the  small  actuctor  and  will  operate  the  second  stage 
with  a force  feedback  to  null  the  fii  t stege.  The  primary  actuator  wi’i  again 
be  driven  by  dual  drive  cables.  The  secondary  actuators  will  be  driven  by  loop 
cables  from  the  primary.  A right  angle  gear  reduction  on  the  order  of  10: 1 will 
be  used  in  each  actuator  to  drive  a ball  screw  to  provide  the  relatively  long 
stroke  requirements.  The  translating  plug  primary  exhaust  nozzle  actuator  system 
is  of  a similar  configuratir-'  with  the  boll  screw  actuator  within  the  plug  housing. 

Sensor  and  Transducer  Implementation 

The  sensors  required  for  implementating  the  preliminary  control  mode  fall  into 
the  categories  of  temperature,  pressure,  position  and  speed  sens'ng.  Figure  9~10 
shows  the  concept  of  system  implementation  of  sensors  and  transducers  tor  a full 
authority  digital  controller.  Preliminary  studies  of  the  full  authority  digital 
electronic  control  system  have  resulted  in  the  following  sensor  requirements  and 
preliminary  selections. 
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Ten^erafure  Sensors 


Paromefer 

Tl  Engine  Inlef 

T4.I  L*P.  Turbine  Inlet 
Gos  Streom 

TBT  H.P.  Turbine  Blade 


Ran^e 

-65  to  400° F 

0 to  2700° F 
(Avg) 

1200  to  1800°F 


T~ypg 

Resistance  Probe 

Tlxjriated  Platinum  vs. 

Pt  40%  Rh  Thermocouple 

Optical  Pyrometer 


The  resistance  probes  are  platinum  sensors.  Two  of  these  probes  are  utilized 
to  provide  redundancy. 

The  T4. ; is  a single  input  signal  which  is  the  average  from  a thermocouple 
harness  interconnecting  approximately  ten  thoriated  platinum  vs.  platinum  40% 
rhodium  thermocouples  for  on  accurate  overage  gos  stream  temperature.  This 
thermocouple  configuration  was  developed  under  Air  Force  contract 
No.  F33615-74-C-2069  by  Engelhard  Industries  for  compatibility  with  the  DDA 
JTD  engine. 

Turbine  blade  temperature  sensing  will  be  occompllshed  by  an  optical  pyrometer 
«vstem  comprised  of  the  optical  heod,  flexible  fiberoptic  light  cable  and  he 
silicon  cell  aeroctor.  The  detector  portion  of  the  system  which  contains  the 
electronics,  is  to  be  accomirxjdated  in  the  electronic  controller  to  ochievea 
satisfactory  thernwl  environment.  The  optical  'lood  will  be  of  the  aperture  or 
Ions  type,  incorporate  purge  oir,  and  view  a selected  target  area  of  the  H.P. 
turbine  blode  to  enable  effective  temperoture  limiting  for  turbine  blade  protection. 
Individual  and  average  peok  blode  temperature  signal  processing  is  planned. 

Figure  9-1 1 shows  the  instoilafion  of  the  14.1  thernwcouplos  and  optical  pyrometer 
head  in  the  engine. 
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pressure  Sensors 


Pressurs, 

Sensed  Location 

Sensor  Range 

Accuracy  Goal 

PTl 

Engine  Inlet 

0 to  50  psio 

♦ .05%  FS  to  20%  FS 
linearly  increasing  to 
1 . 1 % FS  at  80%  FS 
± . 1 FS  above  80% 

PT13 

Fan  Duct 

0 to  100  psia 

(Same  as  for  PTl) 

PT3 

HP  Compressor  Outlet 

0 to  400  psia 

i .05%  FS 

PT3-PS3 

HP  Compressor  Outlet 

0 to  40  psid 

i .05%  FS 

PT4. 1 

HP  Turbine  Outlet 

0 to  100  psia 

t . 1%  FS 

PT7 

Tailpipe 

0 to  125  psia 

(Same  os  for  PTl) 

The  preliminary  response  requirement  for  these  pressure  sensors  is  the  equivolent 
of  0.02  second  time  constant.  The  cbove  occurocy  goals  are  sensor  accuracies 
and  do  not  include  conversion  errors.  Conversion  accuracies  of  ± 0. 1%  FS  are 
expected.  Tt>e  requirement  for  redundancy  of  pressure  sensing  requires  further 
analysis  bused  upon  failure  mode  orsd  effects  considerations. 

Preliminary  conceptual  design  of  the  control  system  indicates  thot  the  pressure 
transducers  should  be  integrated  within  the  er>gine  nx)unred  electronic  control 
package.  This  arrongement  minimiies  problems  of  EMC  signal  reliobility,  and 
system  simplicity.  The  electronic  pockage  thernwl  and  mecivonical  environment 
also  provides  for  maximum  accuracy  and  reliobility  of  pressure  sensing. 
Additionally,  the  prime  responsibility  of  sensing  ond  electricol  conversion  is 
embodied  within  one  component. 

Potion  Sensors 

In  the  preliminory  implerstentation  coneept^L.  V.D.  T.*s  will  be  used  for  genero- 
tion  of  position  signals  on  the  following  functions:  Core  No^sle  Area  (A8),  pun 
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Nozzle  Arco  (A  18),  Compresior  Stafor  Arec  L.P.  Turbine  Area 

(Alpt),  Engine  Fuel  Flow  (VVf). 

The  LVDT's  are  4-wirc  units  with  excitation  supplied  by  the  full  authority  digital 
electronic  controller.  Other  high  temperature  position  sensors,  such  os  a 
quartz  capacitive  position  sensor,  are  also  being  considered  in  areas  such  as 
the  exhaust  nozzle  application. 

Power  lever  inputs  are  planned  to  be  from  potentiometers.  Preliminary  concept 
for  redundancy  of  this  critical  input  is  to  utilize  two  potentiometers  interfacing 
into  separate  A/'D  converters.  Consideration  of  digital  PLA  inputs  are  also 
under  study  for  advanced  airframe  ititerface  compatibility. 

Speed 

Both  high  and  low  rotor  speeds  will  be  sensed  by  magnetic  pulse  pickups  for 
inputs  to  the  digital  controller.  Two  pickups  will  be  provided  for  each  speed 
■ense.  The  L.P.  rotor  speed  pickup  will  be  locoted  in  close  proximity  to  the 
L.P.  turbine  for  the  rtvuximurn  degree  of  overspeed  protection. 
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10.0  JTD  control  system  PRELIMINARY  lESl  PLAN 


A preliminary  fesf  plan  hos  been  formulated  for  the  evaluation  of  the  total  co^rr 
system  prior  to  use  on  (he  JTD  enqine.  ihis  program  plan  includes  the  deve'  o ■- 
and  validation  of  software  for  implemeriting  the  final  control  mode  for  the  'on 

strator  test  stand  running.  The  test  program  also  Includes  the  evaluation  of  ec.u  . 
of  the  control  system  components  and  subsystems  prior  to  use  on  the  JTD  engine 
testing.  This  test  plan,  shown  in  Figure  10- I,  provides  for  the  functional  otic 
environmental  evaluation  of  each  major  component  as  on  Integral  port  of  i.;:;!'.. 
component  development  progroms.  During  these  component  development  test-,,  e 
dynamic  characteristics  of  the  sensors,  transducers  and  actuation  devices  shall  oe 
established.  This  information,  along  with  engine  component  characteristics,  a ill 
be  used  to  update  the  control  system  simulation  to  ossure  o reallsric  control  mocii- 
evaluation  of  the  JTD  system  prior  to  engine  demons troliois . 

The  performance  cftaructeristics  ariv.  endurance  capability  of  eacn  comporrent 
must  be  evaluated  by  suitable  bench  tests  ond  on  the  GMA  200  ATECG  test 
programs.  Further,  a totol  control  system  bench  test  is  neetled  prior  tu  the  JU' 
etsgine  test  to  ossure  total  system  compotibiiify  ond  to  verity  operatiorxil  churuc 
teristics.  Accomplishment  of  this  test  progrom  is  efsential  to  a sofe  and  su:  u, 

JTD  test  proyfom. 

Ihe  followitrg  compsjnent  level  tests  and  evaluotion  plons  fsove  been  uerincsl  j. 
port  of  recommended  control  component  development  progroms. 

Full  Authority  Digital  Controller 

This  program  is  structured  to  accomplish  the  checkout  of  t fllgfitweigtit  ersginr 
mounted  digital  controller  and  the  required  software  for  operation  of  fn« 
prior  >0  use  on  the  ersgiite.  The  digi'al  cotstroiler  developmertt  evaluation 
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Figure  iO*  I JTD  Control  Syttem  Propotoci  Teir  Plan 
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program  will  include  software  checkout  or»d  environmental  und  function  testing 
of  the  controller  assembly  prior  to  use  on  the  ATEGG  and  JTD  demonstration 
tests. 

Softworc  Verification  & Validation 
Three  areas  of  verification  are: 

0 Verification  of  program  equations  and  organization 
0 Verification  of  scaling  and  dimensions 

0 Test  problem  reviews 

A detailed  softvorc  validotion  program  will  be  prepared.  The  validation  effort 
will  deffK)nstrate  tbat  the  fixed  point  mechanization  of  the  control  introduces 
negligible  error,  and  that  the  actual  coded  program,  when  executed  in  the 
Digital  Gsntrot  Section  of  the  controller  will  meet  oil  of  the  performonce  re- 
quirements. 

After  the  software  has  been  vaitdoted,  a complete  softvrore  documentation  package 
will  be  prepared,  including: 

0 Pfogrom  Narratives 

0 Detoiled  Flowcrsorts 

o Definitions  of  Scolings  for  all  Purometyrs  and  Variables 

o Definition  of  all  PoMmeter  Values 

0 Cumputer  interface  Data 

0 Pfogrumnung  AAonuol 

In  addition,  software  ckmge  procedures  will  be  recommended  and  documented 
to  provide  for  orderly  softwore  chongi^  os  required  duri.ng  the  devetopmenl. 

Des^n  Substontiotion  Testing 

The  demonstrotion  controller  will  undergo  tests  to  substantiate  the  overall  design 
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concepts  as  well  as  to  verify  the  capability  of  hardware  to  satisfy  the  con- 
ditions of  this  particular  engine  mounted  application.  Tests  will  be  performed 
on  individual  components  and  sensors  to  verify  correct  function  and  adequate 
performance.  Additional  testing  will  be  performed  to  verify  adequate  theimal 
protection  and  mechanical  integrity. 

Digital  Controller  Support  Equipment 

The  controller  supoort  equipment  will  consist  of  a minicomputer  based  test 
console  to  allow  interactive  testing  of  the  controller  using  an  input-output 
simulator.  The  support  equipment  is  composed  of  a readily  available  commercial 
minicomputer  and  peripherals.  This  minicomputer-directed  system  is  capable  of 
maintaining  the  computer  as  well  a>  providing  a means  of  loading  and  debugging 
softwore  programs. 

Advanced  buei  Pump  and  Metering  System 

An  advonced  pump  and  metering  system  test  program  sholl  be  conducted  to 
evaluate  the  dwracterisiics  and  integrity  for  suitability  for  use  on  the  JTD. 
Bench  testing  shall  include  performance,  i’requency  resfisnse,  cyclic  enduronce 
and  contaminated  fuel  testing. 

Turbine  Nozzle  Area  Control 

Air  motor  driven  mechanical  actuation  systems  for  the  JTD  variable  HP  turbine 
vont*  ond  for  the  LP  turbine  “Jet  Flop"  modulation  control  slvall  be  fully 
evalucited  prior  to  use  on  the  engine.  Bwch  tirsting  slxill  be  conducted  to  fully 
evoluate  the  electrical  intertoce  compatibility  with  the  digiteil  controller, 
response  charocteristics,  environ  men  to  1 foleronce  otid  functional  dwroeteris-ics. 
In  addition  to  bench  testing,  the  HP  turbine  actuation  system  will  be  used  on  the 
GMA  200  ATEGG  demonstrotion  for  functionoi  ond  environmenfol  evaluation 
prior  to  use  on  the  JTD. 

Sensofs/lrarrsdueefs 

Ihe  sensors  required  for  implementing  the  selected  control  mode  foil  into  the 
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categories  of  temperature,  pressure,  posirion  and  speed  sensing.  As  these  senx^rs 
and  transducers  are  defined,  they  will  be  evaluated  Ly  bench  tests  and/or  on 
the  GMA  200  ATEGG  program  to  assess  accuracy,  response,  stubility  and  for 
environmental  tolerance. 
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11.0  CONCLUSIONS 


This  study  Iws  shown  a method  of  designing  a control  to  yield  optimum 
steady  state  performance  (minimum  sfc  and  maximum  thrust)  over  a wide  range 
of  flight  conditions  that  will  also  operate  adeq'Xitely  transiently.  To  achieve 
this  goal,  the  system  should  position  the  geometry  indirectly  by  using  the 
variable  geometry  components  to  control  engine  parometers  (corrected  to 
the  engine  inlet)  to  the  optimal  values.  The  following  observotions  indicate 
the  most  effective  combinations  of  geometry  and  engine  parameter  for  the 
JTD  utilized  in  this  study. 

0 The  core  nozzle  has  the  best  control  over  low  pressure  spool 
speed. 

o The  duct  nozzle  can  control  duct  conditions  (pressure  or  flow). 

0 The  high  pressure  compressor  and  high  pressure  turbine  ore 

effective  controls  for  compressor  discharge  pressure  and 
flow. 

0 The  high  pressure  turbine  is  on  effective  control  for  hot  section 
temperatures. 

o The  low  pressure  turbine  bus  limited  control  on  hot  section 
temperatures. 

o The  low  pressure  turbine  is  on  effective  control  for  hot  section 
pressures. 

0 Gintrol  by  the  compressor  und  turbirses  is  Mreited  since 

their  (omirsat  position  is  ot  or  neor  one  etsd  of  'tir  travel. 

The  tronsient  performonce  of  the  engine  oisd  control  greatly  influersce  the 
selection  of  the  best  combiisotion  of  geometry  and  engine  parameters. 

U-1 


The  complexify  of  fhe  confrol  mode  for  JTD  requires  a digitol  controller.  The 
use  of  the  digital  controller  allows  great  flexibility  in  the  use  of  signal 
synthesis,  variable  gains  and  compensation,  alternate  control  modes  and 
selection  logic,  and  the  application  of  optimal  and  adoptive  control.  The 
full  potential  of  the  digital  controller  bos  not  been  exploited  in  this  program. 

The  attainment  of  optimal  steady  state  perfortryance  and  adequate  transient  per- 
formance does  not  tax  the  dynam'es  of  the  actuators  although  the  high  temperatures 
of  the  engine  do  present  a difficult  design  requirement.  However,  the  accuracy 
requirements  ond  operating  rang^fs  for  some  of  the  pressure  ond  temperoture 
transducers  do  exceed  the  perfor.nance  of  today's  proven  technology. 


12.0  RECOMMENDATIONS 


Two  critical  areas  need  additional  and  continuing  effort  to  assure  successful 
control  of  the  JTD.  The  first  involves  the  continued  updating  of  the  present 
engine  and  control  component  simulation  as  component  test  data  (from  gas 
generator,  rig  and  bench  testing)  becomes  availobie.  The  control  mode  must 
be  continually  evaluated  dynamically  on  the  updated  simulation  under  the 
projected  test  cond'tions.  This  includes  the  continued  evaluation  of  more 
complex  actuator  and  pump  nK>dels  to  assure  that  the  simple  nxjdels  within  the 
simulation  are  adequate  and  update  the  simulation  where  required. 

The  second  area  requires  the  development  of  components  to  meet  the  special 
requirement  of  the  jTD  which  include 

o The  dual  actuation  system  for  the  HP(.. 
o Actuation  systems  for  the  hot  section  (HPT  and  LPT) 

0 High  accuracy  (.05  percent  full  scale)  pressure  transducers 
that  operotc  up  to  the  maximum  CDP  pressure, 
o Temperoture  tronsduccfs  ftiot  will  survive  in  the  tiot  section 
envitotsmeof . 

o keliublfc  digital  computer  fliot  tuft  survive  ttie  engine 
environment . 

The  use  ol  a digital  controller  operrs  mony  fruitful  ureas  ot  exponsion  of  fite 
control  mode  given  liere  including; 

o Sigrsji  syntnesis  wifti  special  emptsusis  on  the  tot  section 
tempefuture;  tf>at  are  impossible  or  ditf'icutt  to  meosure. 
o Vufioble  compeusufion  of  control  loop  including  coff»pcrrsotion 
of  therrrsoeouples  Ursed  upon  flow  rate  estimuterf  from  the 
AP'  P ir'i»r. 
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O Sophisticcfed  fall  detection  and  isolation 
o Alternate  control  modes  in  case  of  detected  sensor  failure. 

However,  it  is  recommended  that  any  advanced  control  mode  concentrate  on 
Q JTD  derivative  engine  which  may  or  may  not  be  demonstratoble  on  the  JTD. 

The  application  of  the  variable  geometry  turbofan  engine  to  supersonic  air- 
craft also  will  require  integrating  the  engine  control  with  inlet  control  and 
addition  of  an  augmentor.  The  supersonic  inlet  will  impose  flow  and  dis- 
tortion requirements  on  the  control  which  will  impose  new  steady  state  and 
dynamic  goals  on  the  variable  geometry  controls.  While  the  augmentor 
usually  has  a separate  control  mode,  the  variable  geometry  will  be  used  to 
smooth  the  transition  to  and  from  augmentation. 

This  study  concentrated  on  optimol  steady  state  performance  and  logical 
extension  is  optimal  transient  perforriKince.  A "pseudo  optirTwl  transient" 
nrwde  can  also  be  developed  by  constructing  a steady  state  operating  mode 
that  maximizes  the  rotor  speeds  at  the  expense  of  sfc.  Such  a control  mode 
would  minimize  the  effect  of  the  rtxjjor  response  lags;  the  rotor  dynamics. 
Geometry  position  would  be  the  major  modulator  of  thrust.  Also,  the  application 
of  modem  control  theory  to  this  problem  is  a natural  since  'bptimal  state 
variable  control"  provides  optimal  transient  perfornrxjnce  about  the  steady 
state  operating  line.  Truly  optimal  performance  may  be  obtainable  by  com- 
bining optirrxjl  state  variable  control  and  the  optimal  steady  state  control 
principles  developed  here. 
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